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 Abstract 
Efficient ultra-fast integrated all-optical wavelength converters and parametric 
amplifiers transparent to the polarization, phase, and modulation-level and -format 
are investigated. The devices take advantage of the optical nonlinearity of Ti:PPLN 
waveguides exploiting difference frequency generation (DFG). In a DFG, the signal 
(ls) is mixed with a pump (lp) to generate a wavelength shifted idler (1/li = 1/lp – 
1/ls). The mode-selective excitation of the pump (shorter wavelength) is difficult in 
a directly pumped DFG. However, by internal generation of the pump via cascaded 
second harmonic generation and DFG (cSHG/DFG) or sum frequency generation 
and DFG (cSFG/DFG), the phasematched pump (SH or SF) mode can be excited 
selectively. Therefore, efficient generation of the pump in Ti:PPLN channel guides is 
investigated using different approaches.  
In the waveguide resonators, first a resonance of the fundamental wave alone is 
considered. It is shown that the maximum power enhancement of the fundamental 
wave, and therefore the maximum SHG efficiency, can be achieved with low loss 
matched resonators. By this way, SHG efficiency of ~ 10300%/W (10.3 %/mW) has 
been achieved in a 65 mm long waveguide resonator. Its operation for cSHG/DFG 
requires narrowband reflector for fundamental wave only. Thus, the SH (pump) 
wave resonator is investigated. The SH-wave resonator enhances the intracavity SH 
power only. Based on this scheme, an improvement of ~ 10 dB for cSHG/DFG-
based wavelength conversion efficiency has been achieved with 50 mW of coupled 
fundamental power in a 30 mm long Ti:PPLN. However, operation was limited to 
relatively small fundamental power levels (< 50 mW) due to the onset of photo-
refractive instabilities destroying the cavity stabilization. 
The cSHG/DFG efficiency can be considerably improved by using a double-pass 
configuration in which all the interacting waves were reflected by a broadband 
dielectric mirror deposited on the one endface of the waveguide. However, due to the 
wavelength dependent phase change by the dielectric folding mirror phase 
compensation is required to maintain an optimum power transfer. Three different 
approaches are investigated and up to 9 dB improvement of the wavelength conver-
sion efficiency in comparison with the single-pass configuration is achieved.  
Polarization-insensitive wavelength conversion is based on a polarization main-
taining fiber loop configuration. Since both polarization components can be 
converted in a contra-directional single-pass waveguide, differential group delay 
(DGD) equalization between them is automatically provided. With such polarization 
diversity scheme an error-free polarization insensitive conversion of 320 Gb/s 
differential quaternary phase shift keying (DQPSK) data with signal pulses of 1.4 ps 
width has been achieved using the packaged and pigtailed cSHG/DFG-based 
 wavelength converter. No significant broadening or distortion of the converted data 
pulses was observed. This indicates an almost unlimited bandwidth for cSHG/DFG. 
Using a ring type diversity scheme, a tuneable polarization insensitive 
cSFG/DFG is investigated. This approach results in a tuneable output wavelength of 
the idler whereas the input signal wavelength can be kept fixed. In a 70 mm long 
Ti:PPLN channel guide a conversion efficiency of ~ -7.5 dB has been achieved by 
80 mW (20 mW) of coupled pump (control) power level with less than ± 0.5 dB of 
residual polarization dependence. The tuning range of the idler covers the whole C-
band. However, in contrast to cSHG/DFG, pulse broadening of the converted signal 
will limit the data rate for cSFG/DFG. 
For sufficiently high pump power levels wavelength conversion by DFG is 
accompanied by significant optical parametric amplification (OPA) of the input 
signal. To increase the fundamental power handling flexibility and to avoid photo-
refractive effect, a low duty cycle Q-switched diode-pumped-solid-state (DPSS) 
laser has been used as the fundamental source. With 2.5 W of fundamental peak 
power ~ 22 dB of signal gain has been measured.  
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1. Introduction 
Low-loss single-mode optical fiber offers the possibility to build optical transmission 
systems with demonstrated bandwidths of several terahertz. Terabits-per-second 
communication systems are rapidly being developed and will be the backbone for 
the global interconnection in the foreseeable future. Such optical communication 
systems are based on the dense wavelength-division multiplexing (DWDM) [1], 
which involves simultaneous propagation of multiple data signals, each at a different 
wavelength in a single optical line. The cpacity of a DWDM data channel can be 
then increased using the optical time-division multiplexing (OTDM) [2], where 
multiple relatively low-bit-rate streams of data with the same carrier frequency are 
interleaved to create a single channel high-bit-rate stream. The goal of this research 
work was to develop an efficient wavelength conversion device to resolve the 
contention in such a high bit rate DWDM network. 
1.1 Motivation 
With the introduction of the high definition video transmission via internet, the data 
rates have exploded. Therefore, there is a need for basic research in solutions to the 
network congestion problems (where the probability of the data packet loss or 
the contention of new connections are high). To go far beyond 100 Gbit/s, which is 
the current electrical state-of-the-art in the research labs [3], the optical techniques 
are required. Increasing the data rate using the interplay between DWDM network 
topologies and ultrahigh-speed OTDM [4] could be one of the ways to increase the 
aggregate capacity. By combining OTDM and DWDM, point-to-point optical links 
with data capacities close to the theoretical limit can be designed. For instance, an 
impressive 32 Tbit/s data transmission over 580 km using return-to-zero (RZ) shape 
polarization division multiplexed (PDM) 8 quadrature-amplitude-modulation (QAM) 
format was demonstrated recently [5].  
In a fiber optical network mentioned above, the number of interconnection nodes 
is often too small to support a large number of different wavelengths. Thus, the 
blocking probability rises due to a possible wavelength contention when two 
channels at the same wavelength are to be routed into the same output. One solution 
to this problem is to convert a signal from one wavelength to another [6], as 
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illustrated in Fig. 1.1. Wavelength conversion also allows distributing the network 
control and management into smaller sub-networks, thus wavelength can be flexibly 
assigned within each sub-network.  
 
All-optical wavelength conversion of a data channel can effectively resolve 
contention and dramatically increase network throughput. Since advanced phase 
modulation formats such as differential binary phase-shift-keying (DPSK) and 
differential-quadrature-phase-shift-keying (DQPSK) are more and more used in 
optical communication systems phase transparency is required for wavelength 
conversion of such advanced modulation formats. Therefore, the goal of this 
research was the development of efficient ultra-fast integrated all-optical wavelength 
converters (AOWC) for contention resolution and parametric amplifiers for fibre 
optical DWDM communication systems. Such a device should feature transparency 
to polarization, phase, modulation-level and modulation-format of the data channel.  
 
Confined optical fields in waveguides that can interact over a long distance will 
considerably enhance the efficiency of nonlinear optical processes in comparison to 
processes in bulk media. Fig. 2.1 shows a schematic drawing of beam propagation in 
a bulk medium and in a waveguide. When a tightly focused wave propagates in a 
bulk device it will diffract, so high efficiency cannot be achieved. In waveguides the 
mode profile is spatially confined in a cross-section on the order of the wavelength. 
High optical intensities can be maintained over considerable distances to improve the 
efficiency of the nonlinear interaction by orders of magnitude in comparison with 
bulk devices. The efficiency of the nonlinear optical process hnl is strongly propor-
tional to the interaction length L, thus fabrication of long, homogeneous, and low-
loss waveguides is essential for efficient AOWC. 
Fig. 2.1: Schematic drawings of beam propagation in a bulk (a) and in a waveguide (b). Diffraction 
associated with bulk media whereas, optical confinement provided by a waveguide. 
 
Bulk 
Waveguide 
(a) 
(b) 
Fig. 1.1: Network blocking probabilities can be resolved by wavelength-conversion. 
Node 
l1 
l Conv. 
l1 l2 
l1 
l2 
  3 
Several nonlinear optical techniques have been demonstrated for all-optical 
wavelength conversion including self-phase modulation (SPM) or cross-phase 
modulation (XPM) [7], [8], and four-wave mixing (FWM) [9], [10] in (highly 
nonlinear) fibers. Also three-wave nonlinear optical frequency mixing in integrated 
optical waveguides utilizing χ
(2)
 nonlinearity of lithium niobate substrate represent 
such scheme, as proposed in [11], [12]. The AOWC provides large bandwidth, low 
(quantum-limited) noise, coherent and phase sensitive responce. Thus, corresponding 
devices are completely transparent [13], [14]. Besides the main motivation, the 
realized device is important also to operate as midspan dispersion compensation 
(chromatic compensation) [15].  
Phasematching among the interacting waves must be preserved to ensure the 
efficient accumulation of the fields generated by the nonlinearities along the whole 
length of the device. Hence the weak nonlinearities impose technical challenges on 
the realization of efficient and broadband wavelength converters. 
In a dispersive medium such as LiNbO3, different wavelengths have different 
refractive indices. Therefore, the interacting waves in a parametric process go out of 
phase after propagating a distance Lc, so called coherence length. The generated 
wavelength over a coherence length converts back to the input wavelengths during 
the next coherence length. Quasi-phase-matching (QPM) compensates for phase 
mismatch by changing the sign of the nonlinear coefficient every coherence length 
[16]. This periodic reversal with the (micro-domain) periodicity of ΛQPM = Lc/2 
preserves the direction of energy flow from the input waves to the output waves, 
ensuring that the output increases monotonically with propagation distance.  
The integrated AOWC in lithium niobate for telecommunication operation is 
based on the difference frequency generation (DFG) process. Wavelength conversion 
by DFG of a signal in the 1.55 μm band requires a pump of about 0.78 μm 
wavelength. This is problematic as waveguides, which are single mode at λ ~ 1.55 
μm, typically are multimode at half the wavelength. However, the pump wave can be 
generated internally by second harmonic generation (SHG) of a “fundamental” wave 
in the 1.55 μm band with simultaneous QPM for SHG and DFG [11]. This attractive 
mode of operation is known as cascaded SHG/DFG or cSHG/DFG. It has number of 
advantages compared to the fiber-based AOWC: 
1. Lithium niobate is an outstanding χ(2) nonlinear optical material [17]; wave-
guides of excellent properties can be fabricated by Ti-indiffusion. Therefore, 
efficient AOWC devices can be realized with a few centimeter long waveguide.  
2. The AOWC can be tailored within the whole transparency range of LiNbO3 by 
proper periodicity of micro-domain grating of PPLN.  
1.1 motivation 
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3. The cascaded processes allows the use of commercial telecom sources and 
amplifiers.  
4. The internal generation of the pump wave by SHG (or SFG) automatically 
provides a selective mode excitation even though the waveguides are multimode 
at the pump wavelength.  
5. At the required pump power levels, c(3) related nonlinear processes like self and 
cross phase modulation or stimulated Brillouin scattering (SBS), which might be 
detrimental for fiber-based AOWC, are negligible in PPLN-based AOWC.  
6. The monolithic integration of such a device with other components opens up a 
variety of devices of higher functionality.  
1.2 Overview of the Dissertation 
This dissertation is organized as follows: 
Chapter 2 is a brief review of the theory behind guided wave optical parametric 
processes in PPLN waveguides.  
Chapter 3 presents the preparation method of straight and bent Ti indiffused 
periodically poled lithium niobate (Ti:PPLN) waveguides.  
In chapter 4, SHG- and DFG-based wavelength converters are presented. An 
efficient SHG device using matched waveguide resonators to enhance the funda-
mental wave is developed. Directly pumped DFG-based wavelength conversion is 
studied in this chapter as well. 
Chapter 5 describes the polarization sensitive and insensitive cSHG/DFG-based 
wavelength converters together with different methods for increasing the conversion 
efficiency such as: separated SHG and DFG in a counter propagation scheme, 
cSHG/DFG in long bent waveguides, double-pass cSHG/DFG and cSHG/DFG in a 
pump wave enhancement waveguide resonator are reported. 
In chapter 6 cSFG/DFG-based tuneable wavelength conversion is introduced and 
experimentally demonstrated. Wavelength conversion of 1.4 ps pulses are studied 
theoretically and verified experimentally.  
The optical parametric amplification (OPA) in CW and pulse mode of operation 
is presented in chapter 7.  
Chapter 8 concludes the dissertation. 
The research work which led to this thesis has been funded by the Deutsche 
Forschungsgemeinschaft within the project “Contention Resolution in Optical Burst 
Switching (OBS) using Wavelength Conversion”. 
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2. Theory of Guided-Wave Quasi-Phase-Matched  
    Optical Wavelength Conversion 
The all-optical wavelength converters (AOWCs) developed in this work are based on 
second order nonlinear (χ
(2)
) guided-wave QPM processes implemented by 
difference frequency generation (DFG) and cascaded χ
(2)
:χ
(2)
 nonlinear parametric 
process. χ
(2)
 interaction involves three waves which may either be input or generated 
within the nonlinear medium. Three kinds of interactions are investigated in this 
dissertation; second harmonic generation (SHG), sum frequency generation (SFG) 
and difference frequency generation (DFG). These different second order nonlinear 
processes are sketched in Fig. 2.1.  
 
In this chapter, the quasi-phase-matching is discussed in section 2.1. Then after 
short introduction of (guided wave) nonlinear optics, a brief theory of χ
(2)
-based 
parametric processes, which are used for AOWC in the communication window 
around 1550 nm, is presented. Basic concepts of nonlinear optics and waveguide 
theory used in the derivation can be found in several textbooks [21], [22], [23] and 
Fig. 2.1: Sketch of different c(2) nonlinear processes; (a) SHG- second harmonic generation, (b) 
SFG- sum frequency generation, and (c) DFG- difference frequency generation. Thick arrows 
indicate the power of the interacting waves. 
c
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will be briefly introduced in this chapter. The software code (see appendix C) which 
is used to perform all the calculations her was developed by Werner Grundkötter 
[19]. 
2.1 Quasi-Phase-Matching  
Phasematching among the interacting waves must be preserved to ensure the 
efficient accumulation of the fields generated by the nonlinearities along the whole 
length of the device. In a three-wave mixing process, as an example, in the case of 
second harmonic generation, the fundamental wave at frequency w generates linear 
and nonlinear polarizations at frequencies w and 2w, respectively. The accumulated 
phase of fundamental and generated second harmonic fields while travelling Δz in 
the medium are Δφω = βwΔz ≡ (wnw/c)Δz and Δφ2ω = β2wΔz ≡ (2wn2w/c)Δz. βj is the 
propagation constant of the wave in frequency j. If a medium without dispersion (n2w 
= n
w
) is used such that the phase velocities of light for all interacting waves are 
identical, then accumulated phase of fundamental wave exactly compensates the 
phase difference of the fields at 2w. Therefore, the energy can be efficiently 
transferred to the generated optical wave leading to a quadratic growth of the second 
harmonic power with propagation distance (curve (a) in Fig. 2.2). Otherwise, there is 
a phase mismatch of ΔφSHG = (β2w − 2βw)Δz which leads to oscillations of the power 
in the second harmonic (curve (b) in Fig. 2.2).  
The maximum second harmonic power in this case is limited to the power 
generated over an interaction distance equal to the so called coherence length: 
 
Where Δβ is the mismatch of the propagation constants and l2w is the second 
harmonic wavelength. It is clear from 2.1 that the coherence length is the distance 
over which the phase mismatch becomes equal to p. 
The coherence length in most nonlinear media is very small. For instance, in 
lithium niobate the coherence length for second harmonic generation of infrared light 
(775 nm range) is about 8 μm for type 0 phase matching (where both fundamental 
and SH waves are TM polarized). Such a small interaction length is usually not 
adequate for efficient energy transfer to the new frequency component. Therefore, 
for efficient nonlinear wavelength conversion, phasematching is necessary over 
longer distance. The solution to the problem of phasematching was proposed by 
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Bloembergen and coworkers in 1962 [16]. The method is called quasi-phase-
matching (QPM) and relies on resetting of the phase mismatch to 0 every coherence 
length. After one coherence length of propagation, the phase mismatch becomes p. If 
the sign of the nonlinear susceptibility c
(2) 
is changed at that location, an additional p 
phase shift is added to the nonlinear polarization (exp(–ip ) = 1), resetting the phase 
mismatch to 0. After another coherence length of propagation, another p of phase 
shift is accumulated and the sign of the nonlinear coefficient has to be changed again 
in order to reset the mismatch to 0. In such way, the power of the second harmonic 
wave is allowed to grow along the crystal quasi-quadratically (curve (c) in Fig. 2.2). 
 
In uniaxial ferroelectric crystals such as lithium niobate, the sign of the nonlinear 
susceptibility is fixed with respect to the polar axis [17]. Therefore, a periodic sign 
reversal of the nonlinear susceptibility can be obtained by a periodic reversal of the 
direction of the polar axis (periodic poling) along the propagation direction. The 
resulting periodic pattern of the nonlinear susceptibility is often referred to as a 
“QPM grating” with the period LQPM. With periodic poling, the χ
(2)
 grating has the 
functional form of a square wave in space. In the spatial Fourier domain, this square 
wave can have frequency components at only odd harmonics of the fundamental 
grating constant K = 2p/LQPM: 
 
Fig. 2.2: Phasematching represented by β-diagrams (left), and SHG output power versus distance L 
normalized to the coherence length Lc (right) for; (a) quadratic growth in the case of birefringence 
phasematched SHG multiplied by 30 (χ(2)31 ~ χ
(2)
33/6); (b) oscillatory behaviour in the non-
phasematched case with β-mismatch Δβ; and (c) quasi-quadratic growth in the case of first-order 
quasi-phasematched SHG using a periodic sign reversal of the nonlinear susceptibility. 
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As shown in Fig. 2.2 (c), a harmonic Km of the fundamental grating constant can 
be used for quasi-phasematching. Because the Fourier-series expansion coefficient of 
the m
th
 harmonic of a square wave is 2/(mp), the effective nonlinear coefficient of 
the medium for quasi-phase-matched optical wavelength conversion is [19]: 
 
Therefore, for strongest nonlinear mixing, it is desirable to use first-order quasi-
phasematching (m = 1). 
2.2 Second Order Nonlinear Optics  
In a nonlinear medium the polarization can be written as: 
 
We are interested in the c
(2) 
term which leads to three-wave interaction processes. 
The electromagnetic wave equation for a ferroelectric nonlinear medium can be 
derived from Maxwell equations by taking into account such a nonlinear polarization 
term
NLP
v
. 
 
Where E
v
 and H
v
 are the electric and magnetic fields respectively, HB
vv
m=
 
( HB 0
vv
m=
 with µr = 1 for a non magnetic medium like LiNbO3) is the magnetic flux 
density and )PP(ED NLLr0
vvvr
++ee=
 is the electric field displacement. Taking the curl 
of Eqn. 2.9a and inserting Eqn. 2.9b into its right-hand side, by neglecting the term 
Ñ(Ñ.E) we arrive at [19]: 
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as wave equation for a nonlinear medium where the nonlinear polarization (
NLP
v
) is 
the driving term. 
Any c
(2)
-based nonlinear process involves three fields at frequencies w1, w2, and 
w3 which are related to each other by the energy conservation (ħw3= ħw1 + ħw2) law. 
All the experiments presented in this dissertation, are based on type I (all the 
interacting waves has the same polarization) QPM nonlinear wavelength conversions. 
Thus, a single polarization (TM), co-polarized waves are considered for nonlinear 
interactions. Therefore, scalar magnitudes of PNL can be expressed by: 
 
d0 is the nonlinear coefficient in single-domain bulk medium and is related to the 
second order nonlinear susceptibility by χ
(2)
 = 2d0, d(x,y) is the normalized 
nonlinearity distribution in the transverse cross-section and ranges between 0 and 1 
and d(z) is the normalized nonlinearity distribution in the propagation direction z, 
and is either +1 or -1. For quasi-phase-matched (QPM) structures which use a 
periodic axial modulation of the nonlinear coefficient to compensate for index 
dispersion, d(z) is a periodic function with a modulation period of LQPM along the 
propagation and can be written as a Fourier series: 
 
where the Fourier coefficients are given by: 
 
In order to evaluate the QPM nonlinear optical interaction, Eqn. (2.12) was 
inserted into Eqn. (2.11). The total electric field can be developed as a superposition 
of waveguide modes of the order of m. It is a reasonable approximation to restrict 
the confined field to the guided modes, therefore: 
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Aj represents the slowly varying amplitude of the electric field and e
m
(x,y) describes 
the field distribution within the waveguide cross section. Here, m designates the 
eigenmode of the order of m, which satisfies the Helmholtz equation [40] in the 
unperturbed waveguide. Substituting equation (2.14) into equation (2.10) under the 
slowly varying envelope approximation (SVEA), where the field amplitude changes 
slowly relative to the fast optical carrier frequency, second order derivatives of Aj 
with respect to the propagation direction z can be neglected, we arrive at: 
 
Multiplying equation (2.15) by )y,x(es  and integrating over the waveguide cross-
section by taking into account the modes-orthogonality,
lm
m
ml 2dydx)y,x(ee d
b
wm
=
òò
, 
finally leads to [40]: 
 
Equation 2.16 can be used to describe a multitude of interactions between guided 
modes. Assuming the coupling between a discrete combination of modes (e.g. the 
fundamental ones), equation (2.16) leads to the following set of first-order coupled 
differential equations for the field amplitudes in propagation direction [22], [23]: 
 
where ai are the power loss coefficients. The wavelength dependent phase mismatch 
in a QPM structure is compensated by the grating vector KQPM = 2p/mLQPM and is 
expressed as: 
÷
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deff º d0Gm is the effective nonlinearity for the QPM process. When the nonlinear 
coefficient is modulated with periodic sign reversal, the Fourier coefficient is Gm = 
(2/mp).sin(mpD), where the duty cycle D = Lc/LQPM is given by the length Lc of a 
reversed domain divided by the period LQPM of domain reversal. The effective 
nonlinear coefficient for QPM of a first-order process (m = 1) with 50% duty cycle 
factor is; deff = (2/p)d0. Throughout this dissertation the effective refractive indices of 
modes j as described by nj instead of neff, j for simplicity. Since the square of Aj(z) is 
equal to the power of the corresponding wave (i.e. optical power Pj(z) = |Aj(z)|
2
), the 
function Aj(z) containing both amplitude and phase information describes the spatial 
evolution of the field envelope in the propagation direction z. The coupling 
coefficients kj contain a spatial modal overlap factor J defined by 
dydx)y,x(e)y,x(e)y,x(e)y,x(d 321
ò ò
¥
¥-
=J
 
The inverse square of the overlap integral J is commonly referred to the effective 
interaction area Aeff (i.e. Aeff = 1/ |J|
2
), which describes the strength of the overlap 
among the modes of the interacting waves and the transverse profile of the 
normalized nonlinearity.  
The solutions of the above equations generally can only be expressed in integral 
formats and require numerical integration to obtain the results [19]. To study the 
sensitivity of the conversion efficiency as function of various parameters (wave-
length, temperature, waveguide geometry, etc.), we can Taylor expand [24] the phase 
mismatch ΔβL as a function of an arbitrary parameter x as: 
×××+xbD
x
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At x0 =x, the interaction is phasematched. We define the bandwidth Dx3dB as the 
3 dB bandwidth that occurs when sinc
2
(x) = 1/2 at x = ± 0.443 p. When the first-
order term in the Taylor expansion dominates the phase mismatch, the 3 dB 
bandwidth is linearly proportional to the inverse of the interaction length as: 
1
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d
d
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In this situation, the phasematching restricts the range of efficient wavelength 
conversion within a narrow wavelength range. When the first-order term is zero in 
the Taylor expansion, it is dominated by the second-order term, and the 3 dB 
bandwidth scales as the inverse square root of length: 
 
Under certain circumstances, it is possible to design the waveguide geometry 
such that the first derivative of phasematching condition with respect to various 
parameters is equal to zero, resulting in a noncritical condition [25]. A more detailed 
description of tuning and tolerances of nonlinear optical parametric processes can be 
found in Refs. [26] and [19]. 
2.3 Second Harmonic Generation (SHG) 
In second-harmonic generation (SHG), two photons of the fundamental wave lf are 
combined to generate a single SH photon at lsh= lf /2, satisfying energy conservation. 
The wavelength dependent phase mismatch incorporating the k vector KQPM = 
2p/LQPM of the QPM grating is given by DbSHG = bsh – 2bf – KQPM. For SHG the set 
of coupled-mode equations 2.17 reduces to two equations [19]:  
sh
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Solving this set of differential equations with the initial conditions Ash(0) = 0 and 
Af(0) = (Pf)
1/2
 with undepleted fundamental or low conversion limit approximation, 
where the power in the fundamental wave does not significantly decrease due to 
frequency conversion or propagation losses, we get for an interaction length of L 
[21]: 
)
2
L
(csinLP)L(P SHG222fnorsh
bD
h=
 
where hnor = (kSHG/2)
2
 is the normalized conversion efficiency (with respect to the 
square of the length L). It is given in units of %/(Wcm
2
) and can reach values larger 
than 12 %/(Wcm
2
) in current state-of-the-art Ti indiffused PPLN waveguide devices 
for the 1.5 µm band. In case of phasematching (DbSHG = 0), the SHG conversion effi-
1
2
2
dB3
d
d
L
544.3
-
bD
x
p
=xD
                                    (2.18) 
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ciency is given by hSHG = Psh(L)/P
2
f = hnorL
2
 and can reach values of 1000 %/W for a 
waveguide device with about 9 cm long QPM grating. 
In Fig. 2.3 the calculated transmission SHG spectra of several waveguides with 
different lengths are shown as an example. The full-width-half-maximum (FWHM) 
of the sinc
2
-shaped SHG characteristics is narrowing with increasing interaction 
length as expected from Eqn. 2.18. 
 
2.4 Sum Frequency Generation (SFG) 
In the sum frequency generation (SFG) process, the pump (lp) and the signal (ls) 
waves are combined to generate a sum frequency wave (1/lsf = 1/ls + 1/lp) at shorter 
wavelength with the wavelength dependent phase mismatch of DbSFG = bsf – bp – bs –
KQPM.  If A1 is referred as pump, A2 as signal and A3 as sum frequency amplitudes, 
the coupled mode equations 2.17 become [19]: 
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dz
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In the undepleted pump regime we have dAp/dz = 0. Assuming zero phase 
mismatch (DbSFG = 0) and by applying the following initial conditions; 
Fig. 2.3: Calculated SHG spectra versus fundamental wavelength for 1 cm (a), 3 cm (b), and 9 cm 
(c) long interaction lengths of PPLN waveguides. The FWHM of the SHG response is narrowing 
with increasing interaction length L.  
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0)0(A,)0(P)0(A,)0(P)0(A sfsspp ===  
we arrive at the following analytical solution: 
 
where ηnorm ≡ κsκsf  is the normalized SFG power efficiency in the low conversion 
limit. 
 
In Fig. 2.4, as an example, the calculated power evolution of the interacting 
waves is plotted along a 90 mm PPLN waveguide. 100 mW of coupled pump power 
together with 1 mW of coupled signal power is assumed. The signal wave is depleted 
due to SFG. At 65 mm the signal power approaches zero; it rises again with 
increasing interaction length via difference frequency generation (DFG) of sum 
frequency and pump waves. This process induces a phase of π to the signal. More 
information and an interesting switching scheme are reported in Ref. [51]. Fig. 2.4, 
right, presents the calculated tuning characteristics for different micro-domain 
periodicities. For larger LQPM, QPM wavelengths are shifted towards longer 
wavelengths. 
2.5 Difference Frequency Generation 
Difference frequency generation (DFG) is a three-wave-mixing process where a 
strong pump wave (lp) is combined with a (usually weak) signal wave (ls) to 
)z)0(P(sin)z(P),z)0(P(cos)0(P)z(P pnorm
2
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s
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2
ss h
l
l
=h=
         (2.19) 
Fig. 2.4: Left: Calculated power evolution of the pump (ls = 1555 nm), signal (ls = 1545 nm) and 
SF (ls = 775 nm)  waves along the 90 mm long PPLN waveguide during SFG process in a PPLN 
channel guide. Right: Phasematching curve for different micro domain periodicities (LQPM). 
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generate a wavelength shifted idler wave (1/li = 1/lp ‒ 1/ls). For a continuous wave 
(cw) pump Eqn. 2.14 can be expressed as:  
 
Equations (2.20) represent useful formulas for describing QPM guided-wave 
DFG. In the limit of an undepleted pump and a lossless waveguide, one can get 
analytic solutions for DFG using the boundary condition Ai (0) = 0 [19]: 
 
The gain coefficient g is defined as: 
 
The above parametric process enables operation at arbitrarily low input signal 
powers, preserves signal phase information and reverses the sign of the signal phase 
(Ai µ As*). By calculating the power of the output idler wave (Eqn. 2.21), we obtain 
the power conversion efficiency of DFG defined as; 
 
which in the low gain limit can be written as: 
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This shows the relationship of conversion efficiency and material properties (deff 
and n), device geometry (Aeff and L), pump power, and the phase mismatch term 
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(sinc
2
 (DbL/ 2)). The calculated power evolution of pump, signal and generated idler 
wave is presented in Fig. 2.5, left.  
 
To see the utility of a DFG-based wavelength converter for communication 
applications, consider a pump with a wavelength close to half that of the input signal. 
With 1/λp = 2(1/λs) - Δ, the output wavelength is 1/λi = 1/λs + Δ; that is, the output 
wavelength is shifted by an amount controlled by the offset of the pump wavelength. 
Another important property of a DFG-based wavelength converter results from the 
proportionality of the output wave to the complex conjugate of the input signal wave. 
If a chirped input signal spectrum E (wp/2 + Δ) is mixed with a pump at wp, the 
output spectrum is then E* (wp/2 - Δ), effectively reversing the chirp on the input 
signal. This function allows complete “mid-span” correction of chromatic dispersion 
in any arbitrarily dispersed fiber links [15], [18]. 
A DFG process is always accompanied by amplification of the input signal; this 
phenomenon is called optical parametric amplification (OPA). One higher energy 
(shorter wavelength) pump photon decays to generate two lower energy (longer 
wavelength) photons: one idler photon and one additional signal photon (see Fig. 2.5, 
left). DFG is the main parametric process for converting data signals in the C-band. 
If the pump wavelength is chosen to be at the degeneracy point of the phasematching 
curve (see Fig. 2.4, right), DFG/OPA is a broad band process. As an example, the 
calculated bandwidth of DFG in a 90 mm long PPLN waveguide is shown in Fig. 2.5, 
right.    
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Fig. 2.5: Left: Calculated power evolution of pump (ls = 775 nm), signal (ls = 1545 nm) and idler 
(li = 1555 nm)  versus propagation length during DFG process. Right: Generated idler (or signal) 
power versus signal wavelength with about 40 nm operation bandwidth. A 90 mm long PPLN 
waveguide is assumed for the calculation. 
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2.6 Cascaded Second Order Nonlinear Optical Wavelength  
      Conversion  
Nonlinear wavelength conversion can also be carried out using a c
(2)
:c
(2)
 process [52, 
53, 54] where both, fundamental and signal, are within the same band. The 
interaction involves the cascading of SHG and DFG (cSHG/DFG) or SFG and DFG 
(cSFG/DFG). The second process enables a tuning of the generated idler with fixed 
signal but tuneable control wavelength. In the following a brief explanation of these 
interactions is presented. 
Cascaded Second Harmonic Generation and Difference Frequency 
Generation (cSHG/DFG) 
We can classify the cSHG/DFG processes as co-propagating simultaneous 
cSHG/DFG or separated sequential SHG and DFG in a counter-propagating scheme. 
In the second scheme the generated SH wave is reflected by an endface mirror and 
mixes with a signal wave coupled to the waveguide counter directionally. A 
schematic plot of these processes is shown in Fig. 2.6.  
 
In cSHG/DFG, the coupled fundamental wave (λf) generates a quasi-phase-
matched SHG wave (λsh = λf /2). Simultaneously, the generated SH wave is mixed 
(as a pump for DFG) with the input signal wave (λs) to generate a wavelength-shifted 
Fig. 2.6: Left: Scheme of cSHG/DFG-based wavelength conversion. Right: separated SHG/DFG-
based wavelength conversion in a counter-propagation scheme. 
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output idler (1/λi = 1/λsh ‒ 1/λs). Since all the input waves are within the same band 
(lf »ls »li and lsh = lf /2), QPM guaranties the selective mode excitation of the 
pump (SH) wave [11].  
The coupled-mode equations describing the co-propagating simultaneous 
cSHG/DFG can be expressed as [19]: 
 
where the phase mismatch is determined by DbSHG = bsh – 2bf – KQPM for SHG and 
DbDFG = bsh – bs – bi – KQPM for DFG. For such a parametric process a significant 
depletion of the fundamental radiation is required to generate sufficient SH power 
(pump for DFG). In general, a numerical analysis is used to solve these four coupled 
mode equations [24]. To get some insight into the conversion process, we derive the 
simplest analytic solution by assuming that the depletion of the cw-fundamental and 
waveguide propagation losses can be ignored. The analytical solution for this case 
yields the conversion efficiency hcSHG/DFG: 
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The conversion efficiency depends on the length of the device raised to the 
power of four due to the cascaded process; thus it is important to have a long device 
to achieve significant conversion efficiency. In practice, owing to the fundamental 
depletion and waveguide propagation losses, the dependence on the length is less 
than the fourth power. The properties and bandwidth of cSHG/DFG are similar to 
those of directly pumped DFG, since the idler is actually generated through the DFG 
process. The above description ignores the possible direct interaction of fundamental 
and signal waves via sum-frequency generation. In general, it will happen only when 
the input signal is tuned too close to the fundamental wavelength (i.e. within the 
narrow sum-frequency bandwidth < 0.2 nm for a 90 mm long PPLN waveguide). 
The complete equations for describing such interactions are given in the next section. 
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The separated sequential cSHG/DFG
 
interaction also involves a SHG process and 
a DFG process, but both processes do not happen simultaneously since counter-
propagating fundamental and signal waves are used. A schematic plot of the counter 
propagation process is shown in Fig. 2.6 right. In such a process, the fundamental 
wave is converted to a SH wave, then the generated SH wave is reflected from the 
end face mirror of the waveguide and used as the pump for the DFG process in 
backward direction. The coupled-mode equations can be written as:  
For SHG: 
 
And for DFG: 
 
By solving the SHG and DFG equations separately, we can get a solution for the 
cSHG/DFG process with counter propagating beams. In the limit of undepleted 
pump and a lossless waveguide, one gets a stationary solution by use of the boundary 
condition [55]. The power conversion efficiency can be expressed as: 
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One major advantage of using counter-propagating beams is that the full length 
of the device is used twice and thus the interaction is more efficient than in the co-
propagating scheme. 
The performance of the counter-propagating scheme in comparison with the co-
propagating scheme can be assessed with the modelling results presented in Fig. 2.7. 
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levels along the propagation direction for  cSHG/DFG assuming propagation losses 
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cSHG/DFG compare as a function of the length of a PPLN waveguide. At 100 mW 
of coupled fundamental power the expected improvement of the counter-propagating 
approach compared to the co-propagating scheme is ~ 5 dB. 
 
Cascaded Sum Frequency Generation/Difference Frequency Generation 
(cSFG/DFG) 
Wavelength conversion by cSFG/DFG in PPLN waveguides is greatly desirable in 
the future optical networks to construct a much more flexible communication system. 
Since for cSHG/DFG the small acceptance bandwidth for SHG, defined by the QPM 
condition, restricts the fundamental wavelength tolerance, it is difficult to implement 
tuneable wavelength conversion. To overcome this restriction, cascaded sum and 
difference frequency generation (cSFG/DFG) was proposed in recent years [27], [28]. 
Fig. 2.8 shows the operation principle and the potential for tuneable-in tuneable-
out all optical wavelength conversion exploiting the cSFG/DFG approach. An input 
signal wave (λs) interacts with a pump wave (λp) and generates the sum frequency 
(SF) wave (1/λsf = 1/λs +1/λp) via SFG. The generated SF wave together with a 
tunable control wave (λc) then generates a tuneable wavelength shifted idler (1/λi = 
1/λsf  ‒ 1/λc) via DFG.  
Fig.2.7: Left: Calculated evolution of the fundamental (λf = 1550 nm), SH (λsh = 775 nm), signal (λs 
= 1560 nm), and generated idler (λi = 1540.1 nm) power levels in a cSHG/DFG process along a 90 
mm PPLN waveguide for 100 mW and 1 mW of coupled fundamental and signal powers, 
respectively. Right: calculated efficiency of wavelength conversion using a co- and counter-
propagating scheme versus PPLN waveguide length. 
 
10 20 30 40 50 60 70 80 90
-40
-30
-20
-10
0
a
f, s
= 0.1 dB/cm, a
p
= 0.2 dB/cm
P
f
 = 100 mW, P
s
 = 1 mW
 counter-propaging
 co-propaging
 
E
ff
ic
ie
n
c
y
 (
P
i,
 o
u
t/P
s
, 
in
) 
[d
B
]
Length [mm]
0 10 20 30 40 50 60 70 80 90
0
20
40
60
80
100
0.0
0.5
1.0
1.5
2.0
idl
er
sig
na
l
SH
fundam
ental
 
 
F
u
n
d
. 
&
 S
H
 P
o
w
e
r 
[m
W
]
Length[(mm]
 
 
 S
ig
n
a
l 
&
 I
d
le
r 
P
o
w
e
r 
[m
W
]
 
  21 
 
The coupled-mode equations describing cSFG/DFG can be expressed as: 
 
where wavelength dependent phase mismatch is defined by DbSFG =bsf – bp – bs – 
KQPM for SFG and DbDFG= bsf – bc – bi – KQPM for DFG. For such a parametric 
process, significant depletion of the signal wave is required to generate sufficient SF 
(pump for DFG) power.  
A numerical analysis is used in general to solve these five coupled mode 
equations [24]. In Fig. 2.9, as an example, the evolution of pump, signal, SF, control 
and idler power levels along a 90 mm long PPLN waveguide has been calculated for 
Pp = 60 mW and Pc = 70 mW coupled pump and control wave powers, respectively. 
Fig. 2.8: Scheme of tuneable wavelength conversion by cSFG/DFG in a Ti:PPLN channel guide. 
The signal (ωs) wave and the tuneable pump wave (ωp) generate a SF (ωsf) wave. The tuneable 
control (ωc) wave together with the SF wave generate the tuneable wavelength converted idler (ωi) 
wave via DFG. 
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2.6 Summary 
In this chapter, we have developed coupled-mode equations for QPM guided-wave 
nonlinear wavelength conversion, including SHG, SFG, and DFG and for cascaded 
second-order nonlinear wavelength conversion such as cSHG/DFG and cSFG/DFG. 
We have also discussed their simplified solutions to illustrate the dependence on 
several important parameters. The use of DFG requires a pump (~780 nm) at roughly 
half of the signal wavelength for frequency mixing within the 1.5 µm band. However, 
by use of cascaded c
(2)
:c
(2)
 processes a fundamental (pump and control for 
cSFG/DFG) wavelength within the 1.5 µm band is allowed: it involves the cascading 
of SHG and DFG. 
Fig.2.9: Left: Calculated power level evolution of pump (λp = 1545 nm), fixed signal (λs = 1555 
nm), SF (775 nm rang), control (λc = 1560 nm), and tuneable idler (λi = 1540 nm) waves along a 90 
mm PPLN waveguide for 60 (70) mW of coupled pump and control power levels, respectively. 
Right: Generated idler power versus control wavelength. The operation bandwidth is about 40 nm. 
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3. Titanium Indiffused Periodically Poled Lithium  
    Niobate Waveguides: Fabrication &  
    Characterization 
Interaction of confined electromagnetic waves in a long nonlinear optical waveguide 
can increase the nonlinear wavelength conversion efficiency by orders of magnitude, 
as compared to bulk media [35]. Therefore suitable materials with appropriate micro-
structured nonlinearity for quasi-phasematching (QPM) in homogeneous low loss 
waveguides are required. In this work, LiNbO3 is chosen as a substrate to 
demonstrate efficient all optical wavelength converter (AOWC). By improvements 
in periodic poling and waveguide preparation techniques, devices with second 
harmonic generation (SHG) efficiency of ~1000 %/W were developed for this work. 
This chapter describes the fabrication of titanium indiffused in congruent lithium 
niobate (CLN) straight (section 3.1) and bent (section 3.3) waveguides. The 
waveguide samples have been prepared in the technology lab of the Applied 
Physics/Integrated Optics group of Prof. Sohler. Their linear optical characterization 
for telecommunication applications are presented as well. The poling technique to 
fabricate periodically poled lithium niobate (PPLN) is mentioned briefly in section 
3.2. The photorefraction effect is discussed in section 3.4 of this chapter. 
3.1 Titanium Indiffused Waveguide Fabrication 
The waveguide fabrication by metal indiffusion was demonstrated for the first time 
in 1974 [29]. Indiffusion of metallic Titanium into a lithium niobate substrate 
(Ti:LiNbO3) is the most widely used waveguide fabrication method around the world 
and the required technology is well established [30], [31]. In contrast to proton 
exchanged waveguides, Ti:LiNbO3 waveguides can guide both, TE and TM 
polarisations, and the nonlinear properties of the substrate materials after Ti 
indiffusion are preserved. Waveguides with propagation losses as low as only 0.03 
dB/cm have been fabricated for this work. 
Fig. 3.1 presents the fabrication steps of a Ti:LiNbO3 channel waveguide. The 
only difference to fabricate Ti:LiNbO3 waveguides for this work as compared with 
Ref. [24] is the diffusion temperature and time. In order to avoid reverse poling 
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during indiffusion into a + Z surface, the temperature is reduced by 30 °C to 1030 °C 
over a longer (13.2 hrs.) diffusion time [32].  
 
In order to fabricate waveguides single mode in the telecommunication band a Ti 
thickness of about 100 nm is required [24]. Therefore, after cutting the 12 mm wide 
piece from a 4 inches diameter LiNbO3 wafer, the – Z surface of the LiNbO3 sample 
was e-beam coated by about 100 nm of Ti. Photolithographically delineated 5, 6 and 
7 µm wide Ti stripes are then indiffused to the – Z surface of the sample at 1030 °C 
over 13.2 hours in an argon atmosphere. Subsequently, post diffusion follows at the 
Fig. 3.1. Sketch of different steps to fabricate Ti:LiNbO3 channel waveguides. 
LiNbO3 
Ti 
(a) 98 nm tick Ti layer evaporation 
LiNbO3 
(d) development to remove non-illuminated photoresist 
& chemical etching of Ti 
LiNbO3 
UV light 
photo mask 
(c) mask defined UV exposure 
Ti waveguide 
(f) indiffusion of  Ti at 1030 °C over 13.2 hrs. 
LiNbO3 LiNbO3 
Ti stripe 
(e) photoresist removing 
LiNbO3 
photoresist 
(b) positive photoresist coating 
 10 µm 
(g) Ti:LiNbO3 waveguide under microscope 
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same temperature in oxygen to reoxidize the material. The fabricated waveguides 
have to be tested under the optical microscope to verify the quality as compared to 
the chromium mask used for the fabrication (Fig. 3.1g). To enable near field 
intensity distribution (mode size) and scattering loss measurements, the waveguide 
sample is cut rectangular and endface polished. Characterization results obtained 
from an 88 mm long sample, Pb293z, are presented in Fig. 3.2.  
 
3.2 Electric Field Periodic Poling 
A detailed description of the electric field poling of Ti:LiNbO3 waveguide samples 
can be found in Ref. [24]; therefore, it will not be explained in detail here. The 
different poling steps in order to get an appropriate periodically poled lithium 
niobate (PPLN) waveguide are summarized in Fig. 3.3. The poling process always 
starts from the + Z face of LiNbO3 and the waveguides are made in the – Z face. 
Therefore, to get a homogeneous periodic microdomain structure in the waveguides, 
a two step electric field poling technique has been developed [24], [33]. The 
spontaneous polarization of the whole substrate was reversed in the first step (Fig. 
3.3b); in this way waveguides are located in the + Z face where poling electrodes 
were fabricated. Thus, the domain structure can be precisely defined in a surface 
layer including the waveguides. A lithographically defined periodic photoresist 
structure is formed on the + Z face of the sample surface. In order to have a 
homogeneous distribution of the applied electric field, the liquid electrodes of LiCl 
dissolved in isopropylalcohol were used. Thereafter, by application of a high voltage 
Fig. 3.2: Left: Measured near field intensity distribution of a TM-mode at 1550 nm wavelength in a 
7µm wide Ti:LiNbO3 channel waveguide. Right: Transmitted power through a Ti:LiNbO3 
waveguide versus time when its temperature is changing continuously. Due to the known endface 
reflectivities (14.2 %), the contrast K of the measured resonances allows to evaluate the attenuation 
coefficient a [34]. The equations to obtain the loss coefficient are given as inset. 
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to exceed the coercive field strength of LiNbO3 of about 21-22 kV/mm [35], periodic 
poling was accomplished. Monitoring of the displacement current due to the 
reversed poling is an essential tool to control the process. The poling process was 
stopped, when the charge Q (Q = 2Pspon´ Apol where Pspon ~ 80 µC/mm [36] is the 
spontaneous polarization of LN and Apol is the area of the inversion region) was 
transferred to the sample to compensate the inversion of the spontaneous polarization. 
The charge Q was adjusted to get a 50/50 duty cycle of the domain pattern. By this 
technique homogeneous periodically poled gratings of periods around 16 µm for 
samples up to 95 mm long were achieved. Finally, thermal annealing at ~ 400 °C 
over 2 hours [37] is performed to reduce as much as possible the optical losses 
induced by mechanical stress near the domain walls.  
 
 
(a) Ti:LiNbO3 channel waveguide fabricated 
on the – Z surface of the LiNbO3 substrate 
C 
(b) homogenous spontaneous polarization 
reversal (Ti:LiNbO3 on the + z surface) 
C 
(c) photolithographically defined 
photoresist structure 
photoresist 
(d) electric field poling and photoresist 
removing 
C 
(f) Ti:PPLN waveguide after slight etching  of 
the surface under the microscope 
16.4 µm 
Fig. 3.3: Sketch of different steps to fabricate PPLN waveguides. 
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3.3 Ti:PPLN Bent Waveguides 
The efficiency of nonlinear parametric processes strongly depends on the interaction 
length as it has been shown in chapter 2. Therefore, a fabrication of long waveguides 
is of great interest. The state of the art of crystal growth of LiNbO3 allows making 
optically polished crystal wafers up to 4 inches of diameter. Therefore, the maximum 
interaction length for straight waveguides in such a wafer after cutting and polishing 
is about 95 mm. Though such an interaction length is much larger in comparison 
with bulk optics, longer waveguides would allow to demonstrate even more efficient 
nonlinear integrated optical devices. With appropriate low bending losses the 
waveguides [38] the interaction length twice as large as that of straight waveguides 
was realized.  
Because of the weak index difference in Ti indiffused waveguides, the bending 
radius has to be rather large to avoid bending losses [39]. Therefore, bent waveguide 
fabrication has to be done in the whole LiNbO3 wafer.  The waveguide fabrication 
process is the same as for straight waveguides but using a different mask. The mask 
consists of 17 U shaped waveguides parallel to each other. The two straight parts of 
the waveguides have ~ 37 mm length and the radius of curvature varies from 20 to 
36 mm. In this way, the last waveguide length in the outer side can exceed 18.5 cm. 
Although the fabrication of the waveguide itself is straightforward, a poling of the 
bent section of the waveguides with a continuous rotation of the domain structure 
was not possible.  
 
Fig. 3.4: Schematic diagram of the waveguide and periodic poling orientation relative to the 
crystallographic axes: Left: Periodic poling oriented perpendicular to the waveguide and 
corresponding pictures after the poling. Right: Periodic poling oriented under angle to the 
waveguide parallel to the crystallographic axes and corresponding pictures after the poling.  
3.3 Ti:PPLN bent waveguides 
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The samples with continuous periodic domains followed by the bent waveguide 
have shown burned areas near the domain walls in the bending section of the 
waveguide (Fig. 3.4 left). The poling process is stopped and doesn’t continue 
through the whole 0.5 mm crystal (Fig. 3.4 right). Therefore an inhomogeneous 
profile of the walls on the surface does not allow reaching proper domain periodicity 
and therefore phase matching condition. Further work has shown that the growth of 
domains with walls parallel to the main crystallographic axis is preferred. Therefore, 
recent developments with periodical poling oriented all the time parallel to the 
crystallographic axis was used (Fig. 3.4 right). Fig. 3.5 presents the characterization 
results obtained from such a bent waveguide sample. Waveguide losses for a smaller 
radius of the curvature are larger due to increased bending losses. They become 
smaller for the outer waveguides approaching the losses of straight waveguides at a 
radius larger than 30 mm (Fig. 3.5 right). 
 
3.5 Summary 
A brief description of the basic Ti:PPLN waveguide fabrication process including 
key parameters for high quality nonlinear waveguides has been presented in this 
chapter. In case of long bent waveguides, an important parameter for device 
optimization has been discussed. Their linear optical characterization results have 
been presented.  
 
Fig. 3.5: Characterization of a bent waveguide at 1550 nm wavelength. Left: Transmitted power 
through a 16 cm long bent waveguide versus time when its temperature is changing continuously. 
Right: Measured losses in the bent waveguides vs. radius of curvature. 
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4. Second Harmonic Generation (SHG)- and Difference  
    Frequency Generation (DFG)-Based Wavelength  
    Converters 
This chapter summarizes the results of SHG in single-pass Ti:PPLN waveguides 
(section 4.1) and matched waveguide resonators (section 4.2). Then results of 
directly pumped DFG-based wavelength conversion are presented in section 4.3.  
4.1 SHG in Straight Ti:PPLN Waveguides 
Measured and calculated SHG results of three different Ti:PPLN waveguide samples 
are presented in this section. The results of their linear optical characterization are 
summarized in table 4.1. The end-faces of the investigated samples were 
antireflection coated for both, SH and fundamental wavelengths, not only to avoid 
Fabry-Perot interference effects, but also to get a better coupling efficiency between 
a fiber and the Ti:PPLN waveguide. 
 
The experimental setup to demonstrate SHG in a single-pass Ti:PPLN waveguide 
is shown in Fig. 4.1. A tuneable external cavity laser (ECL) served as fundamental. 
After polarisation controlling (PC), it was fiber butt-coupled to the Ti:PPLN 
waveguide. The generated SH wave was measured using a silicon detector that is 
sensitive only for SH. To obtain a stable temperature of the whole waveguide, the 
sample was mounted on a copper base plate; its temperature was controlled within 
0.1 °C. The residual fundamental radiation was measured behind the sample using an 
InGaAs photo-detector (PD). 
sample 
name 
length 
[mm] 
waveguide 
width [µm] 
ΛQPM 
[µm] 
TM loss 
[dB/cm] 
TM mode 
size [µm] 
Pb808zB 10 7 16.6 0.11 4.8 ´ 3.2 
Pb645z 30 6 16.4 0.03 4.6 ´ 3.0 
Pb293z 88 7 16.4 0.07 5.2 ´ 3.8 
Table 4.1: The results of the linear optical characterization of three different Ti:PPLN waveguide 
samples. 
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The low power (non-depleted fundamental) SHG responses of the waveguide 
samples described above are presented in Fig. 4.2. From the SH-full width half 
maximum (FWHM) an effective interaction length can be determined. Therefore 
FWHM of the sinc
2
 shaped SHG characteristics are narrowing with increasing 
interaction length as explained in chapter 2. The comparison between measured and 
calculated results is presented in Fig. 4.2, d. The large discrepancy between 
measured and calculated even for homogeneous waveguides can be speculated to the 
quality of the PPLN grating (e.g. duty cycle) and/or reduced nonlinearity of the 
substrate itself.  
 
Fig. 4.1: Experimental setup to investigate single-pass SHG in a Ti:PPLN straight waveguide; ECL- 
external cavity laser, PC- polarisation controller, TC- temprature controlling unit, PD- photo 
detector, MO- microscope objective. 
ECL 
PC MO Ti:PPLN 
Si- or InGaAs-PD 
TC 
0 20 40 60 80 100
0
500
1000
1500
2000
2500
3000
(d)
 calculated
 measured
 
 
S
H
G
 E
ff
ic
ie
n
c
y
 [
%
/W
]
Length [mm]
1548 1549 1550 1551 1552
0
5
10
15
20
25
30
35
(a)
L = 10 mm
 
 
S
H
G
 E
ff
ic
ie
n
c
y
 [
%
/W
]
Fund. Wavelength [nm]
1548 1549 1550 1551 1552
0
30
60
90
120
150
(b)
L = 30 mm
 measured        fitted sinc
2
 curve
 
 
Fund. Wavelength [nm]
1548 1549 1550 1551 1552
0
200
400
600
800
1000
(c)
L = 88 mm
 
 
Fund. Wavelength [nm]
Fig. 4.2: Measured SHG spectra versus fundamental wavelength for 10 mm (a), 30 mm (b), and 88 
mm (c) long interaction lengths of Ti:PPLN waveguides. Diagram on (d): Calculated and measured 
SHG efficiency versus interaction length L. 
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Ti:PPLN waveguides have high susceptibility to the photorefraction effect. This 
effect degrades the waveguide performance for high power SHG. In the next section 
photorefraction effect is introduced briefly.  
Photorefraction Effect 
In 1966, Ashkin et al. [41] observed optically-induced inhomogeneities of the 
refractive index in LiNbO3 and LiTaO3. This light-induced index change is known as 
photorefraction effect (PRE). Depending on the application pursued this effect can 
be either very useful (holographic applications [42]) or undesirable (optical damage 
in high-power photonic devices).   
In an integrated AOWC device index inhomogeneities caused by the PRE can 
drastically deteriorate the device performance. Waveguides, which are single-mode 
at a wavelength around 1550 nm (e.g. fundamental wave for SHG process), can 
guide several transverse modes at the half of the input wavelength (second harmonic 
wave). The Ti:PPLN is more susceptible to the PRE at the wavelength range below 1 
µm. Thus with an intense SH, the index of refraction can be locally perturbed. In this 
way, in addition to the change in transverse mode(s) of propagation, phasematching 
condition can also be effectively perturbed. As a consequence, QPM condition is no 
longer fulfilled to continue the parametric process (here SHG). Because of the now 
changed intensity profile, the index perturbation also changes, which again affects 
the modes of propagation and phasmatching condition and so on. Therefore, 
photorefraction prevents efficient conversion if it is not appropriately mitigated. 
In 1969, Chen postulated that photorefraction arises from the redistribution of 
light-induced free carriers causing index changes (Δn) by the linear electro-optic 
effect from the space-charge field ESC [43]. 
 
Here “r” represents the electro-optic coefficient of the photorefractive material 
and “n” is the refractive index of the material. This simple model successfully 
explains photorefraction in various materials and experimental conditions. 
Free carriers are a result of photoionization of deep levels. The transport pro-
perties of ferroelectrics are unusual in that, there is a photogalvanic term in addition 
to the usual drift and diffusion term. Ref. [44] observed constant currents along the 
ferroelectric axis in LiNbO3 when the sample was illuminated. This bulk photo-
voltaic effect is also known as the photogalvanic effect and results in a source term 
directed along the polar axis in the constitutive relation for the current density: 
   
SC
3 Enr
2
1
n =D                                             (1.4) 
photorefraction effect 
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Here J
v
is the current density vector, σ is the conductivity (assumed to be 
isotropic), κ is the photogalvanic coefficient, I is the intensity of the light and z
)  is a 
unit vector along the polar axis. In this relation, the diffusion term is neglected. This 
space charge field induces a change in the refractive index through the electro-optic 
effect (Eqn. 1.4). In typical congruent lithium niobate these space charge fields can 
reach values in excess of 10 kV/cm. The electro-optic coefficient of PPLN is close to 
30 pm/V, and thus these space charge fields can easily cause enough scattering to 
render a 1-mm-long crystal useless. Moreover, the performance of nonlinear devices 
can degrade with time since these charges can accumulate due to the long dielectric 
lifetimes observed in PPLN. 
The conductivity in a PPLN crystal can be divided to dark conductivity σd and 
photo conductivity σph [45]: 
 
It has been shown that many defects, both impurities and native defects; alter 
photoconductivity and photogalvanism of photorefractive materials [46], [47]. In 
particular, magnesium doping [48], [49] to enhance the photo-conductivity σph and 
raising the temperature [50] to increase the dark-conductivity σd have been shown to 
be effective in reducing the susceptibility to photorefractive damage. 
Here Ti:PPLN waveguides are operated at elevated (> 150 °C) temperature to 
enhance the dark conductivity and thus reducing the photorefractive susceptibility.  
High Power SHG in Ti:PPLN Waveguides 
As mentioned above, one of the ways to mitigate the photorefraction effect (PRE) is 
to increase the dark conductivity by raising the temperature above 150 °C. In this 
section, high power SHG in a Ti:PPLN channel guide is investigated at different 
operating temperatures. 
The 80 mm long and 7µm wide Ti:PPLN channel guide used for this experiment, 
has a micro-domain periodicity of 16.5 µm. Its propagation losses around 1550 nm 
are ~ 0.1 dB/cm. Fig. 4.3 presents the SHG-results. The SHG conversion efficiency 
of ~ 700 %/W was measured at 1.1 mW coupled fundamental power (see Fig. 4.3, 
left). The measured half-width ΔλFWHM= 0.14 nm obtained from the SHG curve 
   I
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corresponds to an effective interaction length of 77 mm. The SH power generated 
with different fundamental powers at different operating temperatures of the 
Ti:PPLN waveguide is plotted in Fig. 4.3, right. The measured (points) SHG power 
follows the theoretical prediction (solid line), at low coupled fundamental powers for 
all operating temperatures. This indicates that the perturbation of the refractive index 
by photorefraction is small and does not significantly change the quasi-phase-
matching condition for SHG. When the coupled fundamental power was increased, 
the measured SHG can no longer follow the theoretical response especially at lower 
operation temperature. This means that the refractive index is perturbed significantly 
by the photorefraction effect, thus the QPM condition is no longer valid for existing 
fundamental wavelength. By increasing the temperature of the Ti:PPLN waveguide, 
its resistance to the photorefraction effect can be increased. The highest SH power of 
~ 80 mW was achieved at ~ 200 °C with a coupled fundamental power of ~ 300 mW.  
 
Fig. 4.4, left, shows the measured SHG characteristics as SH power versus 
fundamental wavelength for different coupled fundamental power levels at an 
operating temperature of 200 °C. As the fundamental power is increased, on one 
hand, the phasematching wavelength shifts to shorter wavelengths due to photo-
refraction effect, and on the other hand due to the power depletion of the funda-
mental wave the shape of the SHG curve is changed. A sinc
2
 shape of the SHG curve 
is true only for non-depleted approximation. As the power of the generated SH wave 
increases, more depletion happens for the power of the fundamental wave leading to 
shrinking of the SHG curve [51]. This can be obtained by a solution of the coupled 
mode equations for the SHG process taking into account the power depletion of the 
fundamental wave (non-depleted regime). The diagram on the right of the Fig. 4.4 
Fig. 4.3: Left: Measured and calculated SHG spectra versus fundamental wavelength of an 80 mm 
long Ti:PPLN channel guide for 1.1 mW coupled fundamental power at room temperature. Its 0.14 
nm FWHM corresponds to 77 mm effective interaction length. Right: High power SHG: by 
increasing the operation temperature the photorefractive damage decreases due to an increased dark 
conductivity. 
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shows depletion of the fundamental power versus coupled fundamental power. The 
calculated SHG responses versus fundamental wavelength are presented as inset for 
three different depletions of 5 %, 40 % and 60 % respectively. The central portion of 
the SHG curve is narrowing and side-lobes are growing.     
 
4.2 Efficient SHG in Ti:PPLN Matched Waveguide Resonators 
Second harmonic generation (SHG) in waveguide resonators has been investtigated 
in detail many years ago [52], [53]; at that time phase matching was usually achieved 
by exploiting the birefringence of the waveguide material. This was a strong 
limitation for the possible wavelength combinations of a three wave nonlinear 
second order interaction. Moreover, it was not possible to exploit the largest 
nonlinear coefficient. With the advent of periodically poled substrate materials quasi 
phase matching (QPM) became possible [19]. In the meantime single pass SHG and 
other parametric interactions have been demonstrated in periodically poled materials 
with excellent efficiencies for wavelengths in different spectral ranges from the UV 
to the infrared [54], [55]. Moreover, SHG in waveguide resonators exploiting QPM 
is investigated in fiber ring resonator [56] or doubly resonant [57] operation with 
relatively low conversion efficiency. 
Standard Ti:PPLN channel guides of excellent quality were used to investigate 
resonant SHG. Their low propagation losses, even down to 0.03 dB/cm around l = 
Fig. 4.4: Left: Measured SHG curves versus fundamental wavelength for different coupled 
fundamental power levels at an operating temperature of 200 °C. Blue shift of the phasematching 
wavelength is due to photorefraction effect. Phasematching curve is narrowing for higher depletion 
of the fundamental power. Right: Calculated depletion of the fundamental power versus coupled 
fundamental power. The SHG responses versus fundamental wavelength of a photorefraction effect 
free and homogeneous Ti:PPLN waveguide is presented as inset for different fundamental 
depletions of 5 %, 40 % and 60 % respectively.  
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1550 nm, allow the development of relatively high Q waveguide resonators as 
already exploited e.g. in different types of optical parametric oscillators [38], [58].  
The theory of SHG in (Fabry-Perot-type) matched waveguide resonators has 
been presented in Ref. [53]. The key results will be mentioned here again, to high-
light the advantages of SHG in waveguide resonators. The main advantage is the lar-
ge intracavity enhancement of the fundamental power, if low loss waveguides and 
appropriate mirrors are used. This enhancement can be described by a resonance 
factor f  with [53]:  
[ ]
2
f
2/1
rf
f
)Lexp()RR(1
R1
f
a--
-
=
 
where Rf and Rr are the power reflectivities of the front and rear mirror of the 
resonator, respectively (see Fig. 4.5); αf is the loss coefficient describing the 
propagation loss of the fundamental wave; L is the sample length. Figure 4.5 shows 
the operation principle of SHG in a non-resonant waveguide (single-pass, Fig. 4.5, 
left) and SHG in a matched waveguide resonator (Fig. 4.5, right). Mirrors have high 
reflectivites in the C-band to provide fundamental wave enhancement waveguide 
resonator. 
 
If no transmitted fundamental power is needed Rr can be set to 1. Then Rf is 
determined by the condition for maximum power enhancement or maximum f  yiel-
ding:  
)l2exp(RR frfm a-=  
Such a front mirror reflectivity (Rfm) leads to zero reflected fundamental power at 
resonance; all the input fundamental power is used for intracavity power 
enhancement limited by (scattering) losses alone. The maximum enhancement factor 
of such a “matched” resonator is given by: 
1
R1
1
f
fm
m >
-
=
 
This power enhancement leads in the nondepleted pump approximation to a 
corresponding enhancement of the conversion efficiency for SHG: 
Fig. 4.5: Left: Operation principle for single-pass (nonresonant) SHG. Right: Operation principle 
of SHG in a matched waveguide resonator. 
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2
resnonres f-h=h  
with the single pass, nonresonant SHG efficiency ηnon-res. In Fig. 4.6 left, the calcu-
lated resonant SHG efficiency ηres for symmetric and matched resonators are shown 
as function of the resonator length L. Fig. 4.6 right is the calculated enhancement 
factor for different propagation loss values of a 65 mm long waveguide. Matched 
resonator shows three times more improvement in comparison with symmetric 
resonator. These results predict that ηres depends only weakly on the length of the 
resonator (left diagram), but strongly on the propagation losses αf (right diagram). It 
can be seen that even two orders of magnitude improvement of the SHG efficiency 
can be expected in comparison with single-pass nonresonant SHG.  
The 65 mm long single mode Ti:PPLN channel waveguide used in this 
experiment has a 16.6 µm micro-domain periodicity allowing QPM SHG at 1531 nm 
fundamental wavelength at room temperature. The end faces of the waveguide 
sample have been polished perpendicular to the waveguide axis and dielectric 
mirrors of special properties have been prepared by vacuum-deposition. 
 
On one hand, both input and output mirrors should have a negligible reflectivity 
at 765 nm (generated SH) wavelength, but a high reflectivity around 1530 nm. To be 
specific, according to theoretical results the reflectivity of the input (output) mirror 
should be about 70% (> 99%) to get a matched resonator for most efficient SH-
generation by maximum intracavity fundamental field enhancement. Modeling 
calculations show that 6 pairs of SiO2 and TiO2 layers will form dielectric multilayer 
mirrors of the required spectral properties. Fig. 4.7 presents the measured 
transmission of input and output mirrors. The measured reflectivities for the input 
Fig. 4.6: left: The calculated resonant SHG efficiency ηres for symmetric and matched resonators as 
function of the resonator length L with propagation loss value of 0.05 dB/cm. Right:  improvement 
of the resonant SHG efficiency ηres in comparison to nonresonant efficiency η (square of the 
enhancement factor fm) for given propagation loss αf of the waveguide.                                                                 
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mirror are ~ 3 % around λsh = 765 nm and ~ 70% around λf = 1530 nm. The 
corresponding data for the output mirror are 3 % and 99 %. 
 
The experimental setup to investigate SHG in the matched Ti:PPLN waveguide 
resonators is shown in Fig. 4.8. The sample is mounted on a thermoelectric 
cooler/heater, which allows a temperature stabilization of about ± 1°C. A 
semiconductor Extended Cavity Laser (ECL) is used as tunable coherent light source 
of about 150 kHz instantaneous line-width. It can be continuously tuned in a small 
wavelength range enabling to sweep over some cavity resonances. The light is fed 
into the sample via a fiber circulator to monitor the reflected fundamental power by a 
InGaAs-photodiode. The generated SH output power is measured by a Silicon 
photodiode, which is sensitive at the SH-wavelength only. 
 
The SHG response of the waveguide in single pass configuration has been 
measured before appropriate dielectric mirror have been deposited. Fig. 4.9 shows 
the measured SHG spectrum around the phasematching wavelength at room 
temperature. Due to inhomogeneities, which might arise from inhomogeneities of the 
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Fig. 4.7: Measured transmission spectra of the input (left) and output mirror (right) of the matched 
waveguide resonator. 
Fig. 4.8: Sketch of experimental setup: ECL-tunable semiconductor Extended Cavity Laser, PC-
polarization controller, Rfm and Rr- dielectric mirrors of the matched waveguide resonator, TC- 
Thermoelectric Cooler/Heater, PD- photo diode. 
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substrat or/and of the fabrication process, not a sinc
2
 response is observed. The 
calculated sinc
2
 function with 0.23 nm FWHM corresponds to a 46 mm effective 
interaction length. With 0.5 mW of coupled fundamental power, 1.2 µW of gene-
rated SH power is obtained which corresponds to an efficiency of h = 480 %/W. 
 
Fig. 4.10 presents the measured and calculated reflected fundamental power ver-
sus fundamental wavelength around the expected phasematching wavelength of 1531 
nm from the matched waveguide resonator; the input power was 0.5 mW. The 
simulated results are given using experimentally determined waveguide parameters 
(Rfm = 74.1%, Rr = 98.6%, αw = 0.08 dB/cm, L = 65 mm). As predicted for almost 
matched resonators the reflected power nearly drops to zero in a resonance due to 
maximum fundamental power enhancement. The agreement of theoretical and 
experimental results is relatively good; only the measured drop in the resonances is 
somewhat smaller than calculated. The reasons might be the imperfection of the 
dielectric mirror reflectivities. 
 
In Fig. 4.11 the generated SH-power (at λ2w ~ 765 nm) is shown as function of 
the wavelength of the fundamental radiation. Again, the fundamental power in front 
of the waveguide resonator is 0.5 mW. SHG can be observed in a large number of 
cavity resonances (left diagram). The envelope of the SH-power reflects the phase 
Fig. 4.9: Measured nonresonant SHG res-
ponse of a 65 mm long Ti:PPLN waveguide as 
SH power versus fundamental wavelength. 
The 0.23 nm FWHM of the main peak 
corresponds to a 46 mm effective interaction 
length. 
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Fig. 4.10: Measured and calculated reflected 
fundamental power versus wavelength for an 
input power of 0.5 mW. 
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match properties of the waveguide similar to the nonresonant operation. The 
wavelength of the laser can be stabilized to a single resonance by a proper feedback 
circuit to the laser control (see next chapter).  
The results of SHG in the two neighbouring resonances of highest efficiency is 
presented in Fig. 4.11 right. With only 0.5 mW of fundamental power, measured in 
front of the waveguide resonator (not coupled), a SH power of 25.8 µW was 
generated in forward direction. This corresponds to a record conversion efficiency of 
the device of 10300 %/W or 10.3 %/mW in reasonable agreement with the 
theoretical simulation (~ 13 %/mW) which is one order of magnetude larger than 
what has been reported in Ref. [53]. This impressive efficiency can even be doubled 
by using an appropriate input mirror of high reflectivity and appropriate phase 
adjustment for the SH wave. A further improvement should be possible with a doub-
ly resonant device taking into account the phase relation between fundamental and 
SH waves. 
 
4.3 Directly Pumped DFG-based wavelength conversion 
In DFG-based wavelength conversion, the input signal and the generated output 
(idler) waves must be at significantly longer wavelength than the pump wave 
preserving energy conservation. For operation in the C-band, the pump wave for 
DFG with lp ~ 775 nm can be generated externally either by SHG or by an appro-
priate laser (e.g. Ti:Sapphire laser). Directly pumped DFG (dDFG) requires selective 
spatial mode excitation in a waveguide which is multimode at the pump wavelength. 
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Fig. 4.11: Left: Measured SH power emitted in forward direction from a matched Ti:PPLN 
waveguide resonator versus fundamental wavelength around phase matching wavelength. Right: 
Measured SH-power emitted in forward direction from a matched Ti:PPLN waveguide resonator 
versus fundamental wavelength around the two resonances of highest efficiency, fundamental power 
is 0.5 mW. 
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Therefore, an efficient selective excitation is hard to achieve without additional 
means, e.g. a wavelength selective directional coupler [59], [60].  
To investigate dDFG-based wavelength conversion of a signal in the C-band, a 
83 mm long Ti:PPLN-waveguide (Pb232z) with 16.6 µm domain period was used. 
The sample was heated up to 182 °C to avoid photorefraction mainly caused by the 
pump wave at ~ 780 nm. The experimental setup is shown in Fig. 4.12. A 
Ti:Sapphire (TiSa-) laser was used as the pump source. Its line-width was narrowed 
to a few MHz using intracavity etalons. The signal source was a distributed feedback 
(DFB) diode laser operated at 1554 nm. Bulk and fiber-optic wave-plates were used 
to adjust the polarization of both lasers. Pump and signal beams were multiplexed 
using a dichroic mirror. To achieve the necessary spot size for a selective excitation 
of the TM00 pump mode, expansion optics (EO) was inserted which allowed varying 
the illuminated aperture of the input 20´ microscope objective (MO) and in this way 
the effective numerical aperture. To optimize the TM00 pump mode excitation the 
near field pattern at the waveguide end face was imaged to a video camera using a 
microscope objective of the same type as for the input. Alternatively, the output was 
coupled into a fiber and launched to an optical spectrum analyzer (OSA) for spectral 
investigation (see Fig. 4.12).  
 
An output spectrum is shown in Fig. 4.13 on the left. With only 4.2 mW of 
coupled pump power a wavelength conversion efficiency of -16 dB has been 
obtained. The conversion efficiencies for this approach have been modelled as it is 
shown in Fig. 4.13 on the right. A conversion efficiency of -14.3 dB theoretically 
requires about 4 mW of (coupled) pump power for the dDFG-process. Grating 
stabilized, pigtailed diode laser should therefore be possible as pump sources also for 
the dDFG scheme. 
Fig. 4.12: Sketch of the setup for directly pumped DFG-based wavelength conversion; TiSa- 
Ti:Saphire laser, DFB- distributed feedback diode laser, PC- fiberoptic polarization controller, EO- 
expansion optics, DM- dichroic mirror, MO- 20´ microscope objective, AOWC- all optical 
wavelength converter, OSA- optical spectrum analyzer 
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Although, the result of dDFG is promising, the stable selective coupling of TM00 
mode of the pump wave to the waveguide is quite difficult. Therefore, any 
environmental effect causes the change in coupling of the pump wave in phase 
matched mode, which then transfers to the power fluctuation of the out coupled 
wavelength shifted idler wave.  This was the main motivation to investigate the 
cascaded SHG/ DFG-based wavelength conversion (see chapter 5). 
4.4 Summary 
Single-pass SHG in straight waveguides with an SHG efficiency of ~ 1030 %/W was 
achieved in an 88 mm long Ti:PPLN waveguide sample. 
The photorefractive damage for a Ti:PPLN waveguide is investigated. Experi-
mental results proved that by raising the operation temperature, photorefraction 
effect is decreasing due to an increased dark conductivity. In high power operation 
(> 300 mW coupled fundamental power) the photoconductivity dominates the dark 
conductivity. In such a case due to strong time varying space-charge fields, the SH 
power was not stable. The best SH power obtained at 200 °C with 300 mW coupled 
fundamental power was ~ 90 mW. 
SHG in Ti:PPLN waveguide resonators for the fundamental wavelength has been 
investigated. Theoretical modelling helped to identify matched resonators as 
optimum devices for maximum conversion efficiency. Based on these results 
corresponding Ti:PPLN resonators with appropriate dielectric mirrors have been 
developed. In a device of 65 mm length a record conversion efficiency of 
10.3 %/mW has been achieved with 0.5 mW fundamental power at λf = 1531 nm.  
Fig. 4.13: Left: Optical spectrum of the directly pumped DFG-based wavelength conversion. Right: 
Calculated (line) and measured (dot) wavelength conversion efficiencies versus coupled pump 
power for directly pumped DFG-based wavelength conversion. 
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Directly pumped DFG-based wavelength conversion has been investigated. At 
low pump power levels of only 4.2 mW a conversion efficiency of -16 dB has been 
achieved. However, directly pumped DFG requires a selective excitation of one 
transverse pump mode, as waveguides are multimode at the pump wavelength 
around ~775 nm. Therefore, special wavelength division multiplex (WDM-) 
couplers are needed for on-chip integration.  
 
43 
5. Cascaded Second Harmonic Generation/Difference  
    Frequency Generation (cSHG/DFG)-Based  
    Wavelength Converters 
In directly pumped difference frequency generation (DFG)-based wavelength 
conversion, it is difficult to excite selective mode of the pump wave. On the other 
hand, by an internal generation of the pump wave via cascaded second harmonic 
generation and DFG (cSHG/DFG) a phasematched pump (SH) mode can be excited 
selectively [11], [61], [62].  
In this chapter, results of cSHG/DFG-based wavelength conversion are presented. 
They comprise modelling and experimental achievements of Ti:PPLN straight 
waveguides for wavelength conversion exploiting the cascaded c
(2)
:c
(2)
 three wave 
interaction processes (section 5.1). The theoretical investigations of temporal shape 
and induced chirp of the converted data pulses in a cSHG/DFG-based wavelength 
converter and the experimental data obtained during system experiments in the HHI 
(see appendix B) are also presented in this chapter. As the group velocity dispersion 
(GVD) between signal and generated idler are small, the broadening and chirping for 
input pulses of ~ 1.4 ps halfwidth is negligible. Even a polarization insensitive ultra-
fast wavelength conversion was realized [13] (see appendix B).  
Afterwards, wavelength conversion using new device configurations, which have 
been developed and investigated with the objective to improve the wavelength 
conversion efficiency, is discussed. According to the theory, this should be possible 
for a given fundamental power by; the use of a counter-propagating scheme with 
separated SHG and DFG (section 5.2); an increase of the interaction length using 
either long bent waveguide (section 5.3) or a double-pass scheme in a folded 
waveguide structure (section 5.4).  
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5.1 cSHG/DFG-Based Wavelength Conversion in Ti:PPLN  
      Straight Waveguides 
Efficient wavelength converters for C-band (1535- 1565 nm) operation with PPLN 
waveguides, require a pump power of about 50-100 mW in the wavelength range of 
750-800 nm. This is a less convenient laser source compared to the well developed 
1550 nm sources for telecommunication applications. Moreover, a selective 
excitation of a single spatial mode of the pump wavelength in a monomode 
waveguide in the C-band (multimode for pump wave) can complicate the practical 
operation of the device. However, the pump wave can be generated internally by 
Second Harmonic Generation (SHG) of a “fundamental” wave in the 1.55 μm band 
with simultaneous QPM for SHG and DFG. This attractive mode of operation is also 
known as cascaded SHG/DFG or cSHG/DFG. A schematic diagram of the operation 
principle with the different input and output waves is shown in Fig. 5.1, left. This 
approach has the advantage, that reliable, relatively cheap tunable semiconductor 
lasers can be used as fundamental wavelength sources for the l ~ 1550 nm range. If 
necessary, the power level can be boosted using an erbium doped fiber amplifier 
(EDFA). Moreover, a selective excitation of one spatial mode only of the SH-wave 
is guaranteed by the phase matched SHG-process itself.  
 
 In this section, we demonstrate cSHG/DFG-based wavelength conversion in 
Ti:PPLN straight channel guides. In a cSHG/DFG
 
process with co-propagating 
waves the pump wave for DFG process can be generated by quasi-phase matched 
SHG of the input fundamental wave (λf). The generated pump wave (λsh = λf/2) is 
Fig. 5.1:  Left: Schematic diagram of cSHG/DFG-based wavelength conversion in a Ti:PPLN 
channel guide. The fundamental wave (λf) generates its second harmonic (λsh) as pump wave for the 
DFG-process. The idler (λi) is the wavelength-shifted signal (λs) wave. Right: Phasematching 
condition for cSHG/DFG process. The SHG process is quasi-phasematched and within its 3 dB 
bandwidth of ~ 0.15 nm, DFG process is possible with a larger bandwidth of ~ 40 nm. 
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simultaneously mixed with the input signal wave (λs) to generate a wavelength-
shifted idler (1/λi = 2/λf ‒ 1/λs) by DFG. Cascaded processes in PPLN can also be 
considered as an analogue to the four-wave-mixing (FWM) process used in third-
order nonlinear materials. The effective c
(3) 
of such processes in PPLN is two orders 
of magnitude larger than that of silica glass. Therefore, efficient devices can be made 
with much shorter PPLN waveguides compared to FWM-based devices with (highly 
nonlinear) fibers. Moreover, such a device is immune to parasitic effects such as 
stimulated Brillouin scattering (SBS) [63], and has a better noise figure compared to 
FWM in semiconductor optical amplifiers [64]. 
Polarization-Dependent Wavelength Converter 
Different polarizations in a PPLN waveguide have different effective index of 
refraction. Therefore, cSHG/DFG-based wavelength conversion in PPLN wave-
guides is inherently polarization dependent.  
The Ti:PPLN waveguide used in this experiment is 93 mm long, has a QPM 
period of 16.3 µm and a waveguide width of 7 µm. Its propagation losses (for TM-
polarisation) at 1550 nm wavelength are ~ 0.1 dB/cm. The waveguide is mounted on 
a copper base plate to enable homogeneous heating and a precise temperature control. 
Its end faces are angle polished under 5.8° and AR coated to avoid Fabry-Perot 
effects. Monomode PM-fiber pigtails with angled and AR coated ferrules are aligned 
to the Ti:PPLN waveguide using built-in micromanipulators [the main concept and 
design of the fiber coupled and temperature stabilized packaged device has been 
developed by H. Suche]. A special temperature controller has been developed and 
built by our electronic workshop allowing stabilization within 0.1 °C up to 
temperatures > 200°C. Fig. 4.4 shows the packaged wavelength converter. The 
optimized fiber-to-fiber insertion loss is ~ 6 dB. 
 
Fig. 5.2:  Left: Photograph of the packaged and pigtailed wavelength converter. Right: Schematic 
drawing of fiber pigtailed waveguide endface. 
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The experimental setup for investigation of the device is sketched in Fig. 5.3, left. 
Light from a DFB-laser served as signal (ls = 1552 nm) and a tunable external cavity 
laser (ECL) (lf = 1480- 1640 nm) was used as fundamental. Both beams are 
combined after polarization control using a 3 dB coupler. Both waves can be 
amplified using an erbium-doped fiber amplifier (EDFA). 1540 nm has been used as 
fundamental wavelength requiring T = 207°C for phase matched SHG and cascaded 
DFG with a signal of 1552 nm wavelength. A variable optical attenuator (VOA) 
allows to vary the signal power. 
 
With 125 mW of coupled fundamental power a conversion efficiency of -7dB has 
been achieved; the generated idler power was + 1dBm. This result is in good 
agreement with predicted theory (-5 dB). The packaged device has been tested in a 
system experiment by Heinrich Hertz Institute (HHI) in Berlin and demonstrated the 
potential of practical operation [13]. 
Polarization-Independent Wavelength Converter 
To overcome the constraint that cSHG/DFG is inherently polarization-dependent a 
polarization diversity scheme in which the two polarization components of the input 
signal are converted independently is needed [65]. To provide identical quasi-phase-
matching (QPM) and differential group delay (DGD) for the two components it is 
ideal to utilize the same waveguide twice. This has been accomplished using a 
polarization maintaining ring configuration with contra-directional single-pass 
conversion of the two polarization components in the same waveguide. In this way 
DGD equalization between the two converted polarization components is 
automatically provided [13]. In Fig. 5.4 the setup for polarization independent 
Fig. 5.3:  Left: Setup to investigate cSHG/DFG-based wavelength conversion in a Ti:PPLN-
waveguide. Right: Optical spectrum at the output of the packaged and pigtailed, polarization 
dependent wavelength converter.  
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wavelength conversion is sketched. A 4-port circulator and a tuneable fibre optic 
Bragg grating (FBG) of 0.5 nm reflection bandwidth (FWHM) are used to multiplex 
fundamental (ECL) und signal (DFB-laser) waves with very low loss. A fibre optic 
polarization beam splitter (PBS) with PM-pigtails is used to split fundamental and 
signal waves into their TM and TE components. The TM components are launched 
from the left into the converter, whereas the TE components are rotated by 90°, 
following the rotation of the fibre, and launched as TM waves from the right.  
By a proper adjustment of the polarization of the fundamental wave equal powers 
are launched from both sides into the converter leading to equal conversion effi-
ciencies for both polarization components of the signal wave. The PBS is used again 
to recombine the polarization components of the transmitted and converted signals 
and to feed them into an optical spectrum analyzer (OSA). It is important to note that 
the optical path lengths for clockwise and counter-clockwise operation are identical 
thus avoiding any polarisation mode dispersion (PMD) effects by the wavelength 
converter. Waveguide and packaging of the polarization independent wavelength 
converter are very similar to those of the polarization dependent configuration. The 
domain period of the waveguide has been slightly increased to 16.4 µm to achieve 
phase matching for SHG at the fundamental wavelength of 1545 nm (center of the 
C-band for telecommunications) at more moderate temperatures (~ 180°C). 
 
Before closing the fibre loop, both single polarization conversion efficiencies 
(from left-to-right and from right-to-left) have been measured and optimized to 
achieve maximum conversion in the polarization independent configuration (see Fig. 
5.5, left; due to asymmetric fibre coupling losses different efficiencies might arise). 
With about 150 mW of coupled fundamental power almost identical single polari-
zation conversion efficiencies of -10 dB for both directions have been achieved.  
Fig. 5.4:  Schematical diagram of the experimental setup for polarization insensitive wavelength 
conversion using a  ring configuration to achieve polarization diversity. 
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For the polarisation insensitive configuration the wavelength conversion 
efficiency dropped to -13.2 dB due to the splitting of both, fundamental and signal 
powers (Fig. 5.5, right). To confirm a polarization insensitive operation the signal 
polarization was arbitrarily scrambled and the generated idler power was simul-
taneously recorded versus time (Fig. 5.5 right inset). The maximum resulting 
variations of the idler power were about ± 0.5 dB. This result is in good agreement 
with predictions. Using this device a number of additional (system) experiments 
have been performed in the labs of Heinrich Hertz Institute (HHI) Berlin (described 
in appendix B). 
 
cSHG/DFG-Based Wavelength Conversion of Short Signal Pulses 
In this section cSHG/DFG-based wavelength conversion of short signal pulses in a 
Ti:PPLN waveguide is discussed. To explore the limitations of this process for the 
conversion of ~ 1.4 ps signal pulses, as used in high data rate transmission experi-
ments with of 320 Gb/s RZ/DQPSK data (see appendix B), wavelength conversion 
of a train of short signal pulses of ~ 1.4 ps halfwidth was investigated theoretically 
and experimentally.  
Propagation and interaction of short optical pulses in a dispersive medium like 
LiNbO3 is affected by group velocity dispersion (GVD), leading to temporal walk 
off, thereby changing the shapes of the interacting pulses. These effects require the 
consideration of temporal first and second order derivatives in the governing 
equations. The split step integration in time and frequency domains is used to solve 
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the coupled amplitude equations in the slowly varying envelope approximation [19]. 
Fig. 5.6 shows the temporal evolution of the shapes of signal and generated idler 
pulses after transmission through three successive sections (20 mm, 40mm and 60 
mm) of a 60 mm long homogeneous Ti:PPLN waveguide. Since the signal source (λs 
= 1551 nm) in the system experiment (320 Gb/s) is a 1.4 ps FWHM pulse train with 
the average power of 32 mW, a Gaussian input signal pulse of 100 mW peak power 
is assumed. The cw power level of the fundamental wave at λf  = 1546.2 nm was 55 
mW. 
The simulation results, presented in Fig. 5.6, show negligible pulse broadening 
(and walk off) for the transmitted signal; also the pulse peak power remains nearly 
constant as propagation losses are partly compensated by parametric amplification 
(Fig. 5.6, left). The idler pulse (λi  = 1541.4 nm) strongly grows with increasing 
interaction length; by comparing its peak power after 60 mm interaction length with 
the peak power of the input signal pulse, an internal conversion efficiency of ~ -11 
dB can be deduced. Moreover, the shape of the idler pulse at the output is practically 
identical with the shape of the signal pulse at the input (Fig. 5.6, right). In other 
words, the wavelength conversion by cSHG/DFG in a 60 mm long Ti:PPLN 
waveguide induces only negligible distortions of 1.4 ps long pulses. 
 
A very weak, almost parabolic phase chirp of less than 0.008 rad for signal and 
idler pulses are predicted leading to a very small positive frequency chirp for the 
signal and a negative (phase conjugation) for the idler pulses (Fig. 5.6, right).  
 
Fig. 5.6: Left: Calculated evolution of signal (ls = 1551 nm, left) and idler ((li = 1541.4 nm, right) 
pulses for cSHG/DFG-based wavelength conversion over a distance of 60 mm long effective 
interaction length are shown after 20 mm (dashed-dotted), 40 mm (dashed) and 60 mm (solid), 
respectively. The distortions of signal and idler pulses are negligible. Right: calculated phases of the 
transmitted signal and idler pulses. A time-dependent phase chirp with the maximum amplitude of 
less than 0.008 rad was observed. 
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The corresponding experimental results are shown in Fig. 5.7. A small 
broadening of transmitted signal and idler pulses was observed. The original pulse 
width of 1.65 ps (FWHM, after some dispersive components (see Fig. B.1) in front 
of the Ti:PPLN channel guide) is broadened to 1.75 ps for the signal and 1.8 ps for 
idler pulses, respectively, behind the Ti:PPLN waveguide.  
 
Moreover, as presented in Fig. 5.8 on the left, the propagation of even shorter 
pulses of 140 fs halfwidth was theoretically investigated. In this case, a more 
significant broadening of the signal pulses (λs = 1551 nm) to ~200 fs, after 
transmission through the 60 mm long Ti:PPLN waveguide, was evaluated; this is 
mainly attributed to GVD. On the other hand, the wavelength shifted idler pulses (λi 
= 1541.4 nm) broaden (parameter dependent) to ~150 fs only; this is again mainly a 
consequence of the GVD of the waveguide broadening the signal pulses but 
narrowing the idler pulses after spectral inversion. As presented in Fig. 5.8 on the 
right, in contrast to the signal pulse, the idler pulse get the negative phase chirp 
(spectral inversion or phase conjugation) leading to the narrowing of the pulse 
instead of broadening. In addition, this partial compensation is influenced by the 
parameters of the nonlinear wavelength conversion in the device. And further 
propagation in the waveguide without nonlinear interaction (i.e. in a waveguide 
section without periodic domain grating) should lead to restored idler pulses at the 
output very similar to the input signal pulses. In other words, it should be possible to 
design PPLN wavelength converters even for very short pulses, which induce 
practically no pulse distortions and, therefore, do not lead to a limitation of the bit 
rate in communication systems. We anticipate that ultra-fast PPLN wavelength 
converters can be designed for bit rates surpassing 3 Tbit/s.  
Fig. 5.7: Measured transmitted signal (left) and generated idler (right) pulses behind the Ti:PPLN 
waveguide [13]. A small broadening of the wavelength shifted pulse is observed. In comparison 
with the input signal pulse of 1.65 ps FWHM also a small broadening of the transmitted signal pulse 
was observed.  
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5.2 Separated SHG and DFG in a Counter-Propagation Scheme 
There is a way to improve the efficiency for wavelength conversion described above. 
In contrast to the conventional approach of co-propagating signal and fundamental 
waves as sketched in Fig. 5.9, left, SHG and DFG can be completely separated by 
exploiting the Ti:PPLN waveguide in forward and in backward directions (Fig. 5.10, 
above). In this approach the fundamental wave is coupled to the waveguide from the 
right, generating a phase matched SH wave with its maximum at the left end face. 
Here a dichroic mirror selectively reflects the SH wave propagating to the right with 
nearly constant (maximum) amplitude. The signal wave is coupled from the left 
interacting via DFG with the strong SH (pump) wave. In the conventional approach, 
both, signal and fundamental waves are coupled to the waveguide from the left (see 
Fig. 5.9, left); SHG and DFG happen simultaneously during co-propagation to the 
right. The SH-wave achieves its maximum at the right end face; therefore, also the 
“local” efficiency of DFG grows during propagation to the right, but yields at the 
output an idler wave of significantly smaller amplitude. Using both approaches 
wavelength conversion was investigated with the same sample launching the same 
fundamental power of 70 mW either from the left through the mirror to the 
waveguide (Fig. 5.9) or from the right (Fig. 5.10). In both cases the signal is coupled 
from the left and co- or counter-propagates with the fundamental wave. A 
conversion efficiency of -20 (-15) dB was observed for the co-propagating (counter-
propagating) scheme. This is a significant improvement of the wavelength 
conversion efficiency by 5 dB. 
Fig. 5.8: Left: Calculated transmission of the signal and generated idler pulses behind the Ti:PPLN 
waveguide for 140 fs pulse width. Broadening of the signal pulse up to 200 fs is not observed for the 
wavelength shifted idler pulse due to phase conjugation effect accompanied by parametric 
wavelength conversion. Right: Calculated phases for transmitted signal and idler pulses. In contrast 
to the signal pulse, the phase of the idler pulse has a negative curvature due to phase conjugation 
leading to a narrowing of the idler pulse while propagating along the waveguide. 
 
    
-0.3 0.0 0.3
0
1
2
3
4
5
6
7
8
-0.3 0.0 0.3
0
30
60
90
120
Id
le
r 
P
o
w
e
r 
[m
W
]
 
Time [ps]
Dt
FWHM, signal
                            Dt
FWHM, idler
148 fs          20 mm     142 fs
168 fs          40 mm     150 fs
200 fs          60 mm     151 fs
 
 
S
ig
n
a
l 
P
o
w
e
r 
[m
W
]
Time [ps]
-0.3 0.0 0.3
0.0
0.3
0.6
0.9
1.2
1.5
-0.3 0.0 0.3
-0.9
-0.6
-0.3
0.0
0.3
0.6
 
 20 mm
 40 mm
 60 mm
P
h
a
s
e
 [
ra
d
] 
signal
 
Time [ps]
 
idler
 
Time [ps]
5.2 separated SHG and DFG in a counter-propagation scheme 
 chapter 5: cSHG/DFG-based wavelength converters 
 
 52 
 
The residual fundamental power observed in the counter-propagating approach is 
due to the small mirror reflectivity of about 8% at the fundamental wavelength (Fig. 
5.9, lower left).  Due to the small amount of power reflection, the noise level in such 
a configuration (counter-propagating scheme) can be significantely reduced. The 
noise level in the counter propagating approach is about 10 dB lower than of that in 
conventional co-propagating scheme (compairing the two spectra in the Figs. 5.9 and 
5.10). 
 
The wavelength conversion efficiency has also been calculated for both 
approaches as function of the fundamental power (Fig. 5.11, left) and of the 
Fig. 5.9:  Left: Experimental setup to investigate co-propagating (conventional) cSHG/DF-based 
wavelength conversion. Right: Measured optical output spectrum for in a scheme. 
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interaction length (Fig. 5.11, right), respectively. As expected, the counter-
propagating scheme yields a significant improvement. For an effective interaction 
length of 37.5 mm, as in our experiment, a 5 dB difference is found by the theory as 
well; however, the conversion efficiencies are about 6 dB higher than measured. The 
results of the right diagram in Fig. 5.8 underline again the large potential for an 
improvement of the conversion efficiency by increasing the length of the devices. 
 
5.3 cSHG/DFG-Based Wavelength Conversion in Bent Waveguides 
The conversion efficiency of cSHG/DFG wavelength converters critically depends 
on the interaction length. In the limit of negligible depletion at low power levels of 
the fundamental wave the efficiency grows with the length proportional to L
4
 (see 
chapter 2). Although, at higher power levels with a considerable depletion of the 
fundamental wave (as in our devices) this growth is weaker, still a remarkable 
improvement of the conversion efficiency can be expected by increasing the inter-
action length. Consequently, the fundamental power level can be reduced 
significantly in a longer device to obtain the same efficiency. Therefore, two 
approaches have been introduced and experimentally investigated to increase the 
interaction length. One way is to make a long waveguide by bending the waveguide 
structure. By this way, waveguides with a length up to 180 mm are realized. The 
fabrication of these devices and their linear optical characterization have been 
described in chapter 3.  
Bent waveguides allow to double or even triple the interaction length and, 
therefore, to increase the conversion efficiency, if quasi phase matching can be 
Fig. 5.11:  Left: Calculated (solid) and measured (dashed) conversion efficiencies versus coupled 
fundamental power for co-propagating cDFG (dashed) and counter-propagating bDFG (solid) signal 
and fundamental waves, respectively.  
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maintained over the whole physical length. Fig. 5.12 shows the SHG reponse 
obtained from such a bent waveguide. 
 
 The setup for the investigation of cSHG/DFG-based wavelength conversion in 
bent waveguides is sketched in Fig. 5.13. The investigated waveguide has a length of 
155 mm; its propagation losses at l ~ 1550 nm are only 0.09 dB/cm. 
 
A measured output optical spectrum is shown in Fig. 5.13 right. Though we had 
learned from the SHG analysis that the extremely stringent requirements for phase 
matching over such a long interaction length can hardly be fulfilled, a remarkably 
high wavelength conversion efficiency of -9.6 dB has been achieved with 95 mW of 
coupled fundamental power; theory predicts - 4.3 dB. It is evident that with 
improvements of waveguide and material homogeneity this difference can be made 
significantly smaller.   
 
 
Fig. 5.13: Left: Experimental setup for cSHG/DFG-based wavelength conversion in a bent Ti:PPLN 
waveguide. Right: Measured optical output spectrum for wavelength conversion via cSHG/DFG in a 
bent Ti:PPLN-wavguide of 155 mm length. 
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5.4. cSHG/DFG-Based Wavelength Conversion in Double-Pass  
       Configuration 
The second way of increasing the interaction length consists of using a folded 
waveguide structure by reflecting all the interacting waves from one end face of the 
waveguide using an appropriate (broadband) dielectric mirror. Since the realization 
of long homogeneous PPLN waveguides is difficult, the use of a folded structure 
where the interacting waves are reflected back into the same waveguide to double 
the interaction length is an alternative scheme. Fig. 5.14 shows the schematic 
drawing of the double-pass scheme using a PPLN waveguide. In any nonlinear 
parametric process, the steady energy transfer requires a well defined phase relation 
between the interaction waves. Therefore, in cSHG/DFG-based wavelength 
conversion, this phase relation between fundamental and SH waves on one hand and 
SH, signal and idler waves on the other hand have to be maintained after the 
reflection for the second pass through the waveguide. Due to the dispersive 
properties of a dielectric mirror, not only the reflectance amplitude but also the 
reflectance phase is wavelength dependent. Therefore, the phase relation between 
waves interacting via the nonlinear polarization can drastically change. This can lead 
to a depletion of the converted wave during the second pass rather than a 
continuation of the conversion process performed during the first pass through the 
waveguide. Therefore, an efficient phase control scheme is needed to utilized the  
double-pass for efficiency improvements.  
 
Phase control schemes have already been reported in the literature for the SHG 
process alone. For a bulk optical approach Imeshev et al. have used a wedged 
periodically poled crystal and adjusted the propagation length between mirror and 
nonlinear crystal for phase control by a lateral movement of the crystal [66]. Hsu and 
Yang have used a Bragg grating to compensate the relative phase change of the 
propagating waves in a Ti:PPLN waveguide upon reflection [67]. Huang et al. used 
phase modulation to tune the phase relation in an unpoled dispersive section of an 
electro-optic waveguide [68].  
In this section, simultaneous phase control for SHG and DFG in a cSHG/DFG-
based wavelength conversion in a folded double-pass Ti:PPLN waveguide confi-
guration with a broadband dielectric mirror on one end face of the guide is investi-
Fig. 5.14: Double-pass configuration with a broadband dielectric mirror deposited on the PPLN 
waveguide end face. 
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gated. To adjust the phase relation between the interacting waves after reflection 
three different approaches have been investigated which will be discussed in detail.  
According to the theoretical background mentioned in chapter 2, in the slowly 
varying envelope approximation [69] the interaction of the four waves in a 
cSHG/DFG process, fundamental, SH, signal, and idler waves, is described by first 
order coupled differential equations of the complex amplitudes: 
 
To provide a steady conversion from the fundamental to the SH wave and growth 
of signal and idler waves at the expense of the SH pump, the following phase 
relations (Eqs. 5.2) have to be maintained, simultaneously:  
 
For double-pass cSHG/DFG-based wavelength conversion operated in the C-
band, both conditions can be simultaneously fulfilled to a good approximation. For 
such a phase controlled condition simulations predict (as in the waveguide of twice 
the length) an almost exponential increase of signal and idler powers with the 
interaction length using sufficient fundamental power (Fig. 5.15, left). For a coupled 
fundamental power level of 200 mW and a device length of 35 mm the calculated 
wavelength conversion efficiency of the double-pass configuration surpasses that of 
the single pass version by ~ 10 dB (Fig. 5.15, right). 
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For a specifically designed (15 layer) broadband dielectric mirror reflecting all 
interacting waves involved in the cSHG/DFG process, the calculated wavelength 
dependent phase shifts modulo 2p for fundamental (Δφf), signal (Δφs), and idler 
(Δφi) waves and the SH (Δφsh) wave are shown in Fig. 5.16 versus wavelengths in 
the C-band and around 775 nm, respectively. In both wavelength ranges, the 
wavelength dependence phase shifts are almost linear with different slopes. 
 
To maintain a steady energy transfer by the SHG and DFG processes after 
reflection, the changes of the phase differences by reflection (Eqs. 5.3) have to be 
compensated: 
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onic waves induced by an broadband dielectric mirror versus wavelength in the ~ 1550 nm (lower 
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Fig. 5.15: Left: Simulated evolution of cSHG/DFG: power levels versus interaction length for 200 
mW of coupled fundamental power. Right: Comparison of calculated cSHG/DFG conversion 
efficiencies in single- and double-pass devices for 200mW of coupled fundamental power versus 
device length. 
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Since signal and idler wavelengths are located symmetrically with respect to the 
fundamental wavelength and all wavelengths are in a narrow band, their phase shifts 
can be approximated by:  
isf2 jD+jD»jD  
which consequently is leading to:  
 
Therefore, a phase compensation Δφcomp can indeed be achieved for both 
processes, SHG and DFG, simultaneously. The following conditions have to be 
fulfilled: 
 
In order to control the phase relationship between the interacting waves after 
reflection, three different phase compensation schemes are introduced and were 
experimentally investigated.  
Fig. 5.17 shows the experimental setup to investigate double-pass cSHG/DFG 
with the different phase control schemes. A tuneable external cavity laser (ECL) was 
used as fundamental source; a fixed wavelength DFB-laser served as signal source. 
Polarization controlled (PC) signal and fundamental waves were combined by a 3 dB 
coupler and boosted by an erbium doped fiber amplifier (EDFA). The light was butt 
coupled to the temperature stabilized waveguide. Single-pass wavelength conversion 
spectra were investigated using an optical spectrum analyzer (OSA) in forward 
direction. In backward direction, double-pass cSHG/DFG spectra were recorded 
using a circulator and an OSA. 
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a. Phase control with dichroic mirrors of adjustable spacing 
In this phase control scheme different interacting waves in two different wavelength 
ranges are reflected by two sequential dichroic mirrors: The first mirror, which is 
directly deposited on the polished waveguide end face, selectively reflects the SH 
wave (780 nm range) and transmits fundamental, signal, and idler waves (Fig. 5.18, 
solid graph). Its measured transmittance is only ~ 2% for the SH, but more than 98% 
for fundamental, signal, and idler waves. The second mirror is an external one and its 
separation from the first one can be adjusted; it reflects fundamental, signal and idler 
waves (C-band) only. This broadband mirror has a high reflectivity (more than 98%) 
fundamental, signal, and idler waves but it is highly transparent for the SH-wave 
(Fig. 5.18, dashed graph). 
 
By controlling the separation Dz of the external mirror to the waveguide end 
face within half a fundamental wavelength, the phase relationship between the 
Fig. 5.18: Left: Double-pass configuration using two dichroic mirrors. AR – anti reflection coated; 
HR – high reflection coated. Right: Measured transmission versus wavelength of the mirror 
deposited on the waveguide end face (solid) and of the external moveable mirror (dashed).  
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reflected SH wave and the fundamental, signal, and idler waves can be adjusted 
according to: 
 
 This leads to maximum power transfer from the fundamental to SH, signal, and 
idler waves. The coupling loss back into the waveguide is negligible as long as the 
mirror separation is smaller than a wavelength (the Rayleigh range for a wavguide 
with 7 µm width is about 20 µm).   
Using this scheme an improvement of cSHG/DFG-based wavelength conversion 
of 7.5 dB has been achieved in comparison to the single-pass configuration for the 
same device of 50 mm length. In Fig. 5.19 the experimental results for SHG (left 
diagram) together with the cSHG/DFG wavelength conversion spectra (right 
diagram) are shown. The improvement of 7.5 dB agrees reasonably well with the 
theoretically predicted 10 dB for an effective interaction length of 35 mm derived 
from the single-pass SHG characteristic.  
 
b. Exploiting the Dispersion of LiNbO3 within an Unpoled Waveguide  
     Section L 
In this case the waveguide is not completely periodically poled but has an unpoled 
section just in front of the broadband dielectric mirror. In this case the deposited 
mirror reflects both, fundamental and SH wavelength ranges (Fig. 5.20, right). This 
phase controlling scheme has been realized by two different configurations:  
Fig. 5.19: Left: Measured single- and double-pass SHG efficiency versus fundamental wavelength. 
Right: Measured spectra for single- and double-pass wavelength conversion by cSHG/DFG. Device 
temperature was 190 °C in both experiments. 
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i. An unpoled, several mm long section of the waveguide in front of the end face 
mirror allows to adjust the phase differences of the interacting waves by a small 
wavelength shift of the fundamental wave (higher order approach) 
ii. The same adjustment can be achieved by a very short waveguide section of 
appropriate length, corresponding to a fraction of half a domain period. 
Waveguide sections of slightly different lengths before the end face mirror were 
fabricated by tilting a homogeneous domain grating over a set of waveguides. 
Then the channel leading to optimum phase compensation can be selected (zero 
order approach). 
i. Higher Order Approach, Allowing Wavelength Tuning 
If the unpoled waveguide section has a length of several mm (Fig. 5.20, left), the 
phase relation between the interacting waves can easily be changed within 2π by 
slightly tuning the fundamental wavelength within the acceptance bandwidth of the 
QPM-condition (0.3 nm in our device for the single-pass). Therefore, the wavelength 
dependent phase shifts by reflection from the dielectric mirror can be fully 
compensated. 
 
In the 5 mm long unpoled waveguide section used in our experiments, a total 
relative phase change Δφdispersion of about 1000(2p) is induced by: 
 
It strongly depends on the fundamental wavelength yielding a slope of: 
 
Fig. 5.20: Left: Operating scheme. Right: Measured transmission of the broadband dielectric mirror 
deposited on the polished waveguide end face. 
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Therefore, a very small tuning of the fundamental wave is sufficient to adjust 
phase compensation. In our experiment a wavelength change of only 29 pm resulted 
in a 5 dB improvement of the double-pass SHG efficiency compared to the single-
pass result. This was the basis to get nearly 9 dB improvement of signal to idler 
conversion efficiency for cSHG/DFG-based wavelength conversion (Fig. 5.21) 
which is in good agreement with predicted theory (10 dB). 
 
ii. Zero Order Approach, Selecting the Right Section Length 
Similar to the approach discussed in the former section the dispersion within a 
fraction (L) of half a domain period (L/2 = Lc) can be utilized to adjust the phase 
relation after reflection of the interacting waves. By slightly tilting the periodically 
poled domain grating with respect to the mirror the channel within a batch of parallel 
waveguides can be selected for which the phase adjustment (Eqn. 5.9) is fulfilled: 
 
The operating scheme to investigate double-pass cSHG/DFG wavelength conver-
sion in a Ti:PPLN waveguide with tilted domain grating together with the condition 
for the compensation of the change in phase relation is shown in Fig. 5.22, left. 
Waveguides with different fractions of the final domain period in front of the mirror 
have been investigated clearly showing the dependence of the SHG efficiency on the 
length of this last domain fraction (Fig. 5.22, right).  
Fig. 5.21: Left: Measured single- and double-pass SHG efficiencies versus the fundamental wave-
length. Right: Measured spectra for single- and double-pass wavelength conversion by cSHG/ DFG. 
Device temperature was 190 °C in both experiments. 
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Fig. 5.23 shows the measured SHG-efficiency for both, single- and double-pass 
(left diagram), and the experimental results of the corresponding cSHG/DFG-
wavelength conversion (right diagram). About 5 resp. 8 dB of improvement were 
measured for the double-pass SHG resp. wavelength conversion efficiency compared 
to the single-pass. As this compensation scheme is of zero order we can expect a 
large compensation bandwidth which is suitable for multi-wavelength conversion in 
WDM-systems. 
 
The noise level of the double-pass with respect to the single-pass towards the 
idler is increased (see Figs. 5.21 and 5.23 rights). Since cSHG/DFG-based 
wavelength conversion has a large bandwidth covering whole C-band in our 
lf  
  
 
Lc   L 
  
 
50 mm 
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li  
Fig. 5.22: Left: Schematic drawing of the Ti:PPLN-waveguide sample with a tilted domain grating 
(L indicates the wedged domain fraction, Lc is the width of a complete domain). Right: Measured 
and calculated double-pass SHG efficiency with respect to the single-pass efficiency for waveguides 
with different fractions L/Lcof the last domain.  
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length. Right: Measured spectra for single- and double-pass wavelength conversion by cSHG/DFG. 
Device temperature was 190 °C in both experiments. 
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experiments, the amplified spontaneous emission (ASE) of boosted fundamental 
wave by EDFA between fundamental and signal wavelength can also be wavelength 
converted. However, for the lower single-pass conversion efficiency the level of 
converted ASE spectral power density is low enough to be hidden by the ASE of the 
EDFA itself close to the fundamental wavelength. At larger wavelength separation 
from the fundamental towards the idler the ASE level of the amplifier is low enough 
to observe the converted ASE from the signal side. 
5.5 cSHG/DFG-Based Wavelength Conversion in a Ti:PPLN  
      Waveguide Resonator for the SH Wave 
To improve the wavelength conversion efficiency in a cSHG/DFG process, the 
fundamental and/or the SH-wave can be enhanced in an appropriate waveguide 
resonator [57], [70]. The enhancement of the fundamental wave requires narrowband 
grating mirrors for fundamental only, in the waveguide itself. As their fabrication is 
difficult, the resonant enhancement of the SH-wave for cSHG/DFG-based 
wavelength conversion has been investigated in this section to reach reasonably high 
pump power levels with low external fundamental power.  
To investigate SH-wave resonant cSHG/DFG, a 30 mm long Ti:PPLN channel 
waveguide is used. Its micro-domain periodicity was L = 16.5 mm. The challenge 
was to develop such a Ti:PPLN waveguide with the extremely high homogeneity 
and low loss required to get a resonant QPM interaction along the whole waveguide 
length. The low loss (0.03 dB/cm around 1550 nm) Ti:PPLN waveguide sample was 
coated using vacuum deposition on both polished end faces. The coated dielectric 
mirrors provide a high reflectivity of ~ 96 % at the pump wavelength around 770 nm 
and almost perfect transmission at the fundamental signal and idler wavelengths 
around 1550 nm. Modeling calculations show that 7 pairs of SiO2 and TiO2 layers 
will form dielectric multilayer mirrors of the required spectral properties. Fig. 5.24, 
left, presents the measured reflectivity spectrum (spectral reflectivity) of the mirrors. 
The transmission through the waveguide cavity was measured over several reso-
nances using a narrow linewidth TiSa-laser (λsh =765 nm) and temperature tuning 
(see Fig. 5.24, right). From the transmission curve a finesse of about 11 can be 
estimated. For the reflectivities mentioned above this finesse figure is consistent with 
a TM waveguide loss of 0.03 dB/cm only.  
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To record the quasi phase matching curve an external cavity laser (ECL) for λf » 
1550 nm was used as the fundamental source. The result is shown in Fig. 5.25, on 
the right. The shape of the phase matching curve (Fig. 5.25, left) appears as envelope 
of the successive SHG-resonances. 
 
Wavelength conversion via cSHG/DFG has been investigated with the setup 
sketched in Fig. 5.26. To achieve a stable pump power level by resonant SHG a 
stabilization of the SHG-resonance via a precise control of the cavity length or the 
fundamental frequency is required. We decided to control the fundamental frequency 
and to temperature-stabilize the waveguide cavity. The control loop is used to 
stabilize the SH-power within the resonator. For this purpose a control loop is built 
Fig. 5.25: Measured SH power versus fundamental wavelength for non-resonant (left) and resonant 
(right) SHG in the waveguide sample discussed above for a 6 µm Ti:PPLN-waveguide. The 
fundamental wavelength was scanned in steps of 1 pm for resonant SHG. 
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Fig. 5.24: Left: The mirror reflectivities at 765 nm are 93.5 and 92.1%, respectively. Right: 
Measured normalized transmission at 765 nm wavelength (TM-polarized) of a Ti:PPLN-waveguide 
cavity with dielectric mirrors versus temperature change.  
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up as depicted in Fig. 5.26 on the left. An external cavity laser is used as the 
fundamental source. A function generator is used to slightly dither its frequency via 
piezo-fine tuning of its cavity length. The generated SH-power is detected using a 
Si-PIN-photodiode and a lock-in amplifier synchronized to the dithering frequency. 
The lock-in output is superimposed to the dithering signal using a bias-tee. The 
output of the bias-tee tunes the ECL-frequency until the peak of the SHG- resonance 
is reached.  
 
The ECL was operated at lf = 1554.9 nm (fundamental wavelength); the DFB-
laser diode emitted at ls = 1551 nm (signal wavelength). Polarization controlled 
fundamental and signal waves were multiplexed using a 3 dB coupler, boosted by an 
EDFA and butt-fiber coupled to the Ti:PPLN-waveguide cavity serving as 
cSHG/DFG-based wavelength converter. Collimation optics together with a beam 
splitter were used to extract a control signal and to simultaneously investigate the 
output spectrum with an optical spectrum analyzer (OSA). The Ti:PPLN-waveguide 
cavity was heated to 210°C to avoid photorefraction.  
In Fig. 5.27, left, the controlled SH-power out of the waveguide cavity has been 
recorded over 1 hour. The power varies within  ± 7 %. With about 50 mW of 
coupled fundamental power a wavelength conversion efficiency of -20 dB was 
observed (see Fig. 5.27, right). This value is in good agreement with simulated 
results of -18 dB.  This corresponds to about 10 dB improvements in the wavelength 
conversion efficiency in comparison with the non-resonant (conventional) 
cSHG/DFG-based wavelength conversion. At higher fundamental power levels the 
control scheme to stand in one particular resonance condition of the cavity failed due 
to strong onset of photorefractive damage. 
Fig. 5.26: Experimental setup to investigate wavelength conversion via cSHG/DFG with resonantly 
enhanced SH-wave as pump of the DFG process with simultaneous stabilization of the SH-power 
via a feedback loop for the control of the fundamental (ECL-) wavelength.  
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5.6 Summary 
Polarisation dependent and independent cSHG/DFG-based wavelength conversion in 
straight Ti:PPLN waveguides are reported. The performance of such devices has 
been investigated in system experiments in detail; they are described in chapter 
appendix B. In the polarization independent device wavelength conversion is done in 
a polarization diversity scheme. The same waveguide is used for both polarizations 
in bidirectional operation in a ring configuration. In this way polarisation mode 
dispersion (PMD) is automatically avoided by group delay equalization of the two 
converted polarization components. A conversion efficiency of -7 dB has been 
achieved for the polarisation dependent device (-13 dB in for polarisation 
independent one), which could be more enthusiastic for many applications (see 
appendix B).  
Theoretical and experimental investigations of the temporal shape and chirp of 
the converted data pulses show only very little broadening and chirping indicating 
the potential for wavelength conversion of even much higher data rates. This is 
confirmed by modeling calculations of signal and idler pulse evolution of even 
shorter halfwidth. They reveal that pulse broadening of the signal pulses induced by 
group velocity dispersion can already be compensated to a large degree in the device 
itself as a consequence of the spectral inversion of the wavelength shifted idler. 
Therefore, the ultra-fast Ti:PPLN wavelength converters can be designed for bit rates 
surpassing 3 Tbit/s.  
Fig. 5.27: Left: SH-power versus time for 50 mW of coupled fundamental power. When the 
feedback loop is closed stabilaization scheme runs to stand in a resonance peak. In feed forward it 
pushes to a deep (out of resonance). Right: Measured optical output spectrum for wavelength 
conversion via cSHG/DFG in an Ti:PPLN-waveguide cavity with resonantly enhanced SH-wave as 
pump of the DFG process.  
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Conversion with counter-propagating signal and pump waves has been shown to 
yield a significant improvement of the conversion efficiency. Unfortunately, this 
approach is not suited for polarization independent conversion. 
Also bent waveguides of long nonlinear interaction length should allow 
combining improved conversion efficiency with polarisation insensitivity using the 
same diversity scheme. However, in practice the expected improvement could not be 
achieved due to insufficient control of quasi phase matching along the whole 
waveguide length.  
Double-pass SHG respectively cascaded SHG/DFG for wavelength conversion in 
the C-band of optical telecommunications has been reported. To optimize the 
wavelength conversion efficiency in the double-pass configuration three different 
schemes for compensating wavelength dependent phase shifts upon reflection have 
been investigated. More than 5 dB improvement of the SHG-efficiency compared to 
the single-pass has been achieved. This is close to the 6 dB predicted for a lossless 
waveguide and an undepleted fundamental wave. Using the cascaded SHG/DFG-
based wavelength conversion ~ 9 dB improvement of the efficiency compared to the 
single pass configuration has been obtained in reasonably good agreement with the 
predicted 10 dB for undepleted small signal conversion. 
The SH-wave resonator enhances the intracavity SH power. Therefore significant 
reduction of the required input fundamental power level can be expected. Based on 
this scheme, an improvement of ~10 dB for cSHG/DFG-based wavelength 
conversion efficiency has been achieved with 50 mW of coupled fundamental power 
in a 30 mm long Ti:PPLN. However, operation was limited to relatively small 
fundamental power levels (< 50 mW) due to the onset of photorefractive instabilities 
destroying the cavity stabilization. This approach requires damage resistant 
waveguides to achieve good stabilization of a SH resonance. Moreover, coupled 
cavity effects may deteriorate a stable bidirectional operation for polarization 
independent conversion. 
69 
6. Cascaded Sum and Difference Frequency Generation  
    (cSFG/DFG)-Based Wavelength Converters 
Tuneable wavelength converters which can cover the whole C-band (1535 nm – 
1565 nm) is desirable for future optical networks in order to construct much more 
flexible communication systems. Cascaded second harmonic generation and 
difference frequency generation (cSHG/DFG) in a periodically poled LiNbO3 
(PPLN) waveguide is an attractive method, owing to the large bandwidth and 
modulation format transparency. However, for conventional cSHG/DFG-based 
wavelength converters, due to the limited SHG bandwidth (typically ~ 0.2 nm), the 
SH (pump) wave tolerance is very small. Therefore, realization of tuneable wave-
length conversion of a fixed signal wave over the whole C-band is impossible. To 
overcome such restriction, cascaded sum and difference frequency generation 
(cSFG/DFG) was proposed in recent years [71], [72], [73]. In this chapter an 
experimental investigation of tuneable cSFG/DFG-based wavelength conversion in 
Ti:PPLN straight waveguides is presented. In addition, the temporal evolutions of 
the pulsed signal and idler propagating along the PPLN waveguide are simulated to 
show the capability of such a device for practical applications in a communication 
system.  
6.1 cSFG/DFG-Based Wavelength Conversion in Ti:PPLN  
      Waveguides 
Fig. 6.1 illustrates the operation principle of cSFG/DFG-based tuneable wavelength 
conversion. The input signal wave (ls) is mixed with the pump wave (lp) to generate 
a SF (lc) via SFG. With the interaction of the SF and control waves (lc) via DFG, 
the idler wave (li) can be generated. Since the signal wave is involved to generate 
the required pump (SF) wave for the DFG process, the information carried by the 
signal wave is successfully copied to the idler wave. Therefore, tuneable wavelength 
conversion from a fixed signal to any idler wavelength can be achieved.  
When SFG occurs between signal and pump, the idler wavelength is given by 
1/li = 1/ls + 1/lp ‒ 1/lc. Therefore, for a fixed signal wavelength, tuneable idler 
wavelength can be obtained by tuning the control wavelength (Fig. 6.1a). In addition, 
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if the signal wavelength is changed, the pump wavelength can be tuned to get a 
constant idler wavelength (Fig. 6.1b). Therefore, by proper wavelength adjustments 
of pump and control waves, fixed-in/tuneable-out, tuneable-in/fixed-out functions 
can be performed using cSFG/DFG-based wavelength converters. In this chapter, in 
order to realize tunable wavelength down- or up-conversions, SFG of pump and 
signal waves is studied. 
 
Polarization-Dependent Tuneable Wavelength Converter 
The generated idler wavelength (li) is governed by the following expression: 
 
From Eqn. 6.1, for a fixed input signal wavelength, the pump wavelength has to 
be adjusted to meet the QPM condition for the SFG process: then the output idler 
wavelength can be tuned by simply tuning of the control wavelength.  
The packaged Ti:PPLN waveguide sample used in this experiment is the same 
used for the demonstration of the cSHG/DFG-based wavelength converters 
described in the previous chapter. The experimental setup for the investigation of 
cSFG/DFG-based tuneable wavelength conversion is sketched in Fig. 6.2 left. Light 
of a DFB-laser served as signal source (ls = 1556 nm). In order to provide flexible 
tuneability of the wavelength converter, two tunable extended cavity lasers (ECL) (lf 
= 1480 – 1640 nm) served as the pump and control wave sources, respectively. The 
control and the signal waves were combined by a 3 dB coupler. The pump wave was 
boosted by an erbium doped fiber amplifier (EDFA) and butt coupled to the tempe-
Fig. 6.1:  The operation principle of tuneable cSFG/DFG-based wavelength conversion for fixed-
in/tuneable-out (a) and tuneable-in/fixed-out (b) wavelengths.  
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rature stabilized Ti:PPLN waveguide through another 3 dB coupler. The polarization 
of all three input waves was controlled using a fiber-optical polarization controller 
(PC). The output spectra were recorded using an optical spectrum analyzer (OSA). 
The phase matched SFG at temperature of T = 193°C was met by lp = 1543 nm as 
pump wavelength and ls = 1556 nm as signal wavelength.  
 
With coupled pump power of Pp = 80 mW, a 7 dB depletion of the signal wave 
(Ps ~ 5 mW → Ps ~ 1 mW) due to the generation of the SF wave results. In this way, 
an external (Ps, in / Pi, out) conversion efficiency of -7.5 dB has been achieved. Fig. 6.3 
on the left presents the calculated evolution of five interacting waves along a 70 mm 
long Ti:PPLN waveguide. The measured external efficiency is in good agreement 
with predicted calculation (Fig. 6.3, left; inset).  
 
Fig. 6.2:  Left: Setup to investigate cSFG/DFG-based tuneable wavelength conversion in a 80 mm 
long Ti:PPLN-waveguide. Right: Optical spectrum at the output of the packaged and pigtailed, 
polarization dependent wavelength converter. 10 nm of tuneability is shown as an example.  
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The measured and calculated tuning bandwidth of the idler for a fixed signal 
wavelength of 1554.2 nm is shown in the Fig. 6.3 on the right. The idler tuning 
bandwidth with about -7.5 dB of wavelength conversion efficiency covers the whole 
telecom C-band (1535 nm – 1565 nm). 
Polarization-Independent Tuneable Wavelength Converter 
A polarisation diversity scheme similar to that of cSHG/DFG presented in chapter 5 
is applied to achieve polarisation insensitive cSFG/DFG-based tuneable wavelength 
conversion.  
Fig. 6.4 illustrates the setup used for polarization independent tuneable wave-
length conversion. The diversity sheme in a ring configuration similar to that used 
for the cSHG/DFG-based wavelength converter can be used for the cSFG/DFG as 
well. In this way, the fibre optic polarization beam splitter (PBS) with polarization 
maintaining (PM)-pigtails splits pump and control waves into their TM and TE 
components. Since the TM (e.g. from the left) and the TE (e.g. from the right with 
90° rotation as TM wave) components are launched into the converter, by a proper 
adjustment of the polarization of the pump and control waves, equal conversion 
efficiencies for both polarization components of the signal wave can be expected. 
The PBS recombines the polarization components of the transmitted and converted 
signals and feeds them into an optical spectrum analyzer (OSA). 
 
Before closing the fibre loop, both single polarization conversion efficiencies 
(from left-to-right and from right-to-left) have been measured and optimized to 
achieve identical and maximum conversion for the polarization independent 
configuration (see Fig. 6.5, left). With coupled Pp = 20 mW and Pc = 5 mW almost 
identical single polarization conversion efficiencies of ~ -10 dB for both directions 
have been achieved (Fig. 6.5 left). For polarisation insensitive configuration the 
wavelength conversion efficiency dropped to -13.2 dB due to the splitting of coupled 
Fig. 6.4:  Schematical diagram of the experimental setup for polarization insensitive cSFG/DFG-
based tuneable wavelength conversion using a  ring configuration to achieve polarization diversity. 
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pump and control wave powers (Fig. 6.5, right). The experimental results agree well 
with calculated efficiencies of -8 dB (single-pass) and -11 dB (bidirectional), 
respectively. 
 
To confirm a polarization insensitive operation the signal polarization was 
arbitrarily scrambled and the generated idler power was simultaneously recorded 
versus time for two distinged cases tuned about 15 nm to each other. The resulting 
variations of the idler power in both cases were about ± 0.5 dB, as shown in Fig. 6.6.  
 
6.2 Tuneable cSFG/DFG-Based Wavelength Conversion of Short 
Optical Pulses 
Up to now cSFG/DFG-based tuneable wavelength conversion has been discussed for 
continuous wave (cw) signals. As real data signals are comprised of short picosecond 
Fig. 6.5:  Left: Measured optical output spectra for single polarization operation with propagation 
from left to right and vice-versa. Right: Polarization-insensitive cSFG/DFG-based tuneable 
wavelength conversion spectra with abot 15 nm tuned idler (control) in the packaged and fiber 
pigtailed waveguide sample.  
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(ps)-pulses, additional effects like group velocity mismatch (GVM) and frequency 
chirping impose a limit on the ultimate data rate due to broadening and distortion of 
the converted pulses. 
In this section simulation results of the pulsed wavelength conversion are 
discussed. Fig. 6.7 shows the measured cw SFG response of a 70 mm long Ti:PPLN 
waveguide used in the experiment when the pump wavelength is tuned. The signal 
wavelength was 1556 nm. The FWHM of 0.4 nm indicates the acceptance bandwidth 
of the SFG process. Therefore, if the transform limited signal pulse of a Gaussian 
shape is assumed (Δt Δυ = 0.442), then regardless of the walk-off effect, the 
cSFG/DFG process has no influence on the pulse with a width of Δt >  8.8 ps.  
 
To illustrate this, four different input signal pulse-widths of 1.4 ps, 3 ps, 5 ps and 
9 ps are assumed for the simulation. Pump and control are considered as continuous 
waves. The peak power of the signal pulse is assumed to be 100 mW and the power 
levels of the cw pump and control waves are both 50 mW. The Ti:PPLN waveguide 
used in the numerical simulation has an interaction length of 70 mm. The central 
wavelength of the pulsed signal and the pump wavelengths are set at 1543 nm and 
1554 nm in order to satisfy the QPM condition for the SFG process. The control 
wavelength is set at 1565 nm. 
The interaction of the signal pulse and the CW pump wave generates a pulsed SF 
wave via the SFG process. Due to the group velocity dispersion (GVD), there is a 
strong walk-off between the signal pulse in the 1.5 µm band and the SF pulse in the 
0.78 µm band [73], [74], [75]. This gives rise to a broadening of the SF pulse width 
and a distortion of its shape. Furthermore, the generated SF pulse simultaneously 
interacts with the control wave to produce an idler pulse via DFG. Thus, GVD lead 
to a broadening of the converted signal (idler) pulse. The SF to signal walk-off 
length is defined by [19]: 
Fig. 6.7:  SFG response of a 70 mm long 
Ti:PPLN waveguide versus pump wavelength 
for a fixed signal wavelength at ls = 1556 nm. 
The 0.4 nm FWHM (cSFG/DFG acceptance 
bandwidth) correspondes to the 8.8 ps of a 
Gaussian shaped pulse. 
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In Eqn 6.2, υ
g
sf and υ
g
s are the group velocities of the SF and signal pulses, res-
pectively. Lwalk-off denotes the propagation length for which the walk-off between the 
signal pulse of width Δts in the 1.5 µm range and SF pulse in the 0.78 µm range 
amounts due to GVM.  
According to Ref. [19], the group velocities of the relevant wavelengths used in 
our experiment are listed below  
 
where c0 is the velocity of light in vacuum. Taking into account the values given in 
Eqn. 6.3, one obtains: 
 
Therefore, Lwalk-off between the signal and SF pulses are about 4.7 mm, 9.4 mm, 
15.6 mm and 28mm for 1.4 ps, 3 ps, 5 ps and 9 ps long pulses, respectively. Fig. 6.8 
presents the calculated temporal evolution of the idler pulses for input signal pulse 
widths of 1.4 ps (Fig. 6.8a), 3 ps (Fig. 6.8b), 5 ps (Fig. 6.8c) and 9 ps (Fig. 6.8d) 
propagating along a 70 mm long Ti:PPLN channel guide for discrete distances in 
steps of 10 mm in the waveguide.  
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Fig. 6.9 shows the broadening of the output idler pulse for different input signal 
pulse widths along a 70 mm Ti:PPLN waveguide. Due to the walk-off effect (as the 
length of the Ti:PPLN waveguide, L = 70 mm, is much larger than the walk-off 
length, L > Lwalk-off), the idler pulses are broadened as compared with the input signal 
pulses. If this broadening does not result in loss of information (caused by any 
overlapping of a pulse with the neighbouring pulses), tuneable cSFG/DFG-based 
wavelength conversion from signal wavelength to idler wavelength can be 
successfully realized for system applications. For instance, if the input pulse is 
assumed to be 1.4 ps, then even tuneable conversion of 160 Gb/s signal is possible. 
Fig. 6.8:  Calculated temporal evolutions of the idler pulse propagating along a 70 mm long 
Ti:PPLN waveguide for different input signal pulse widths: (a) 1.4 ps, (b) 3 ps, (c) 5 ps, and (d) 9 ps. 
The signal pulse interacts with the continues pump to generate a pulsed SF. The broadening of the 
output idler pulses is due to the signal (idler) ↔ SF walk-off effect.  
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6.3 Summary 
Polarization dependent and polarization independent all-optical tuneable wavelength 
conversion based on cSFG/DFG in a Ti:PPLN channel guide covering the whole C-
band is reported. Calculated evolution of picosecond pulses is presented.  
The investigated scheme, with its performance to convert short optical pulses, 
exhibit a high flexibility for wavelength conversion, which can be potentially 
exploited in practical optical communication systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.9:  Calculated pulse broadening of the 
idler wave versus interaction length for different 
input signal pulse widths.  
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7. Optical Parametric Amplification 
With the development of dense wavelength division multiplexing (DWDM) systems, 
and their combination with optical time division multiplexing (OTDM) for capacity 
improvement in a telecommunication networks, broadband and low noise optical 
amplifiers are required to overcome fiber and interconnection losses. Although, 
doped fiber amplifiers are useful tools for optical network architectures, they cannot 
be used in the wide bandwidth required for future optical communication systems. 
The main reason is their principle of operation: doped fiber amplifiers are based on 
stimulated emission from the dopants [76]; thus the operation wavelength range is 
determined by the type of ion used. For example, the erbium doped fiber-amplifier 
(EDFA) provides only 35 nm bandwidth covering the C-band (1535- 1565 nm). 
Other kinds of amplifiers such as Raman amplifiers have similar bandwidths. 
Moreover such amplifiers always induce some amount of their spontaneous emission 
to the amplified signal resulting to increase the noise in the system [77].   
In contrast to (E)DFAs, optical parametric amplifiers (OPAs) rely not on the 
properties of the doping ions but on the nonlinearity of the medium used [78]. Thus 
they can in principle be operated in an arbitrary wavelength range where the corres-
ponding phasematching condition is fulfilled. Hence, the OPA bandwidth can be 
increased to a figure not available with doped fiber-amplifiers or other kinds of 
amplifiers. For coherent optical encoding schemes in combination with DWDM 
coherent ultra-low noise amplification will become important. Since, OPA features a 
phase sensitive amplification, the signal amplification of the coherent (homodyne or 
heterodyne) systems become possible [79]. In addition OPA does not induce any 
spontaneous emission to the signal. Its noise determined by spontaneous parametric 
fluorescence which at a typical pump power level, is extremely weak (quantum-
limited). The high gain figures are assessable for OPAs- in excess of 70 dB has 
already been demonstrated using the χ
(3)
 process of  guided four wave mixing in a 
highly nonlinear optical fiber [80]. In contrast to doped fiber amplifiers OPA 
provides unidirectional gain. The OPA can provide additional functionalities, for 
instance, wavelength conversion, optical reshaping, wavelength exchange, and phase 
conjugation in future optical networks instead of only amplification. 
Although OPA utilizing the χ
(3)
 nonlinearity in silica fibers has already been 
demonstrated, guided wave OPA in LiNbO3 would have a number of advantages: 
first of all and most important, at the required pump power levels χ
(3)
 related 
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nonlinear processes like self- and cross-phase modulation or stimulated Brillouin 
scattering which are detrimental for the OPA-process are negligible in LiNbO3. In 
contrast to the χ
(3)
-based OPAs which are limited to the gain saturation, χ
(2)
-based 
OPAs have a large dynamic range [81]. Thus, high power amplified signal can be 
realized [82]. 
 Moreover, LiNbO3 as an outstanding χ
(2)
 nonlinear medium would allow to 
achieve significant parametric gain in a few centimeter long waveguide instead of 
several meters of highly nonlinear fiber leading to rugged and compact devices. 
Waveguides of excellent properties can be fabricated by Ti-indiffusion or proton 
exchange. The amplification band and the gain bandwidth of an OPA are determined 
by phase-matching. The dependence of the sign of the nonlinear coefficient on the 
orientation of the spontaneous polarization in ferroelectric LiNbO3 opens up new 
possibilities for quasi-phasematching utilizing artificial domain gratings fabricated 
by periodic domain inversion. In this way phase matching can be tailored within the 
whole transparency range of LiNbO3.  
In this chapter, a review of the recent work on cSHG/DFG-based OPA using 
Ti:PPLN waveguides is presented. Results of continuous wave OPA in a Ti:PPLN 
waveguide are reported in section 8.2. Its low signal gain caused to use a low duty 
cycle ns pulse laser as pump source to suppress the photorefractive damage. In this 
way more than 22 dB gain has been achieved with 2.5 W of coupled fundamental 
peak power (section 8.3). Finally, summary and conclusions are presented. 
7.1 Principle of Operation 
Due to energy conservation the generation of a converted signal (idler) via difference 
frequency generation (DFG) is always accompanied by the amplification of the input 
signal wave. This kind of signal amplification is called “optical parametric 
amplification” (OPA). OPA is a unidirectional polarization dependent highly 
coherent process.  
cSHG/DFG-based OPA is a two step process:  
1. On one hand the pump is internally generated by SHG of an input fundamental 
wave; by generation of each pump (higher energy) photon, two fundamental 
(lower energy) photons decay providing energy conservation.  
2. On the other hand, simultaneously, OPA is achieved by mixing of an incoming 
signal with the SH-wave. Here, energy conservation determines the generation of 
one idler and one additional signal (two lower energy) photons by annihilation of 
any pump (higher energy) photon. During this interaction an idler wave is 
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generated at the difference frequency and the signal is amplified; therefore, we 
call this process cascaded SHG/DFG respectively OPA (cSHG/DFG (OPA)).  
Both processes are governed also by (quasi-) momentum conservation also called 
(quasi-) phase matching. In case of a periodically domain inverted structure quasi-
phase matching is mediated by the grating K = 2p/ΛQPM whit the grating period ΛQPM. 
As explained in more detail in chapters 2 and 5, in a homogeneous waveguide quasi-
phase matching for SHG can be adjusted by choosing the appropriate fundamental 
wavelength. For DFG/OPA QPM is only approximately achieved away from dege-
neracy of signal and idler (see Fig. 5.1). A schematic drawing of cSHG/DFG(OPA) 
together with a calculated evolution of the process in a 90 mm long homogeneous 
Ti:PPLN waveguide are presented in Fig. 7.1. As the pump power (For DFG/OPA) 
is generated internally by SHG, the pump power level (dashed graph) starts from 
zero and saturates in the 2
nd
 half of the waveguide due to depletion of the 
fundamental power. As a consequence the signal wave is first slightly attenuated due 
to waveguides losses and then grows beyond its input level due to parametric 
amplification (as in Fig. 7.1 on the right is ~ 25 dB); simultaneously, the idler is 
generated.  
 
7.2 Continuous Wave OPA 
cSHG/DFG-based OPA was investigated first in cw-operation. Fig. 7.2 shows the 
experimental set-up. A packaged λ-converter made of an 80 mm long Ti:PPLN 
channel guide (Pb789z) was used for the experiments. Its SHG efficiency was ~ 
Fig. 7.1: Left: Principle of operation for cSHG/DFG-based OPA: the required pump for DFG/OPA 
is internally generated by quasi-phasematched SHG and, simultaneously, OPA is achieved by 
mixing an incoming signal with the SH wave via DFG. The solid arrows indicate the power of the 
interacting waves whereas the dashed arrows shows the energy flow between them. Right: 
Numerical calculation of the evolution of fundamental, SH, signal and idler power levels in a 90 mm 
long Ti:PPLN channel guide as an example. 
0 20 40 60 80
0.0
0.3
0.6
0.9
1.2
1.5
0
100
200
300
400
 
 
F
u
n
d
. 
&
 S
H
 P
o
w
e
r 
[W
]
id
le
rs
ig
n
a
l
SH
fu
n
d
a
m
e
n
ta
l
 S
ig
n
a
l 
&
 I
d
le
r 
P
o
w
e
r 
[m
W
]
 
Length [mm]
lsh lf li ls 
DFG/OPA 
SHG energy flow 
7.2 continuous wave OPA 
 chapter 7: optical parametric amplification 
 
 82 
700 %/W. The micro-domain periodicity of ΛQPM = 16.4 µm allowed to generate a 
phasematched SH wave at the fundamental wavelength of  λf = l543.5 nm at a 
temperature of 178 °C. A cw signal from an external cavity laser (ECL) was 
combined with the fundamental wave using a 10/90 coupler and launched into the 
waveguide. The fundamental wave was amplified using an erbium doped fiber 
amplifier (EDFA). The output spectrum was observed using an optical spectrum 
analyser. Polarization of both waves are controlled by a fiber optical polarization 
controller (PC). 
 
Fig. 7.3 shows the measured and calculated signal gain as function of coupled 
fundamental power. The gain is defined as follows: 
[ ]dB
)off.fund(P
)on.fund(P
log10G
out,s
out,s
=
 
where Ps(fund. off) is the transmitted signal power without pump and Ps(fund. on) is 
the output signal signal power with OPA gain.  
 
Fig. 7.2: Schematic diagram of experimental set-up for the investigation of cw-operation of a 
cSHG/DFG-based OPA. ECL- external cavity laser; PC- polarisation controller; EDFA- erbium 
doped fiber amplifier; VOA- variable optical attenuator; OSA- optical spectrum analyser. 
 PC 
ECL 
ECL 
PC 
OSA 
Ti:PPLN 
1/9 coupler 
  
EDFA 
  
VOA 
Fig. 7.3: Parametric signal gain vs coupled fundamental power in cw-operation. Main difference 
between measurement and calculation results from photorefraction effect at high power operation. 
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As the calculated results show the signal gain should grow gradually as the 
coupled fundamental power increases. but the highest gain achieved is only ~ 3.2 dB 
with the coupled fundamental power level of ~ 800 mW. The discrepancy is 
attributed to increased phase-mismatch due to photorefraction. This limitation 
motivated the investigation of OPA in a pulsed mode of operation with a low duty 
cycle of a pulsed laser as fundamental source. In this way, the average pump power 
could be kept low to reduce photorefraction significantly.  
7.3 Pulsed OPA 
In this section, pulsed cSHG/DFG-based OPA using a Q-switched diode pumped 
solid state laser (DPSS) as the fundamental source is reported. The effect of the 
waveguide inhomogeneity on the transmitted pulses is investigated.  
Fig. 7.4 shows the experimental setup. A train of 2.5 ns long pulses of low duty 
cycle (8.2´10
-6
) from the passively Q-switched laser was used as fundamental source 
(lf = 1534.5 nm). The continuous wave signal (ls = 1552 nm) was combined with 
the pulsed fundamental radiation using a 3 dB coupler and butt-coupled together into 
the temperature stabilized waveguide. Both sources are polarization controlled. Two 
Wollaston prism-based polarizers were used behind the Tango laser (commercialized 
ns pulsed laser from Cobolt Inc.) in order to change (or attenuate) the input 
fandamental power in front of the waveguide. At the output a tunable band-pass 
filter selected the amplified signal (or the transmitted fundamental or the generated 
idler). The signal (or fundamental or idler) power was monitored by an InGaAs-PIN-
photodiode of 15 GHz bandwidth and a digital oscilloscope of 1.5 GHz bandwidth. 
The generated SH-power could be measured with a Si-photodiode.  
 
PD PC 
ECL 
Tango 
WP-PC 
PC 
3 dB 
Ti:PPLN 
BPF 1.5 GHz Oscilloscope 
Si-PD 
3 dB 
PD 
Triger- line 
Fig. 7.4: Schematic diagram of experimental set-up for the investigation of pulsed OPA. ECL- 
external cavity laser; PC- polarisation controller; Tango- Q-switched ns pulsed laser; WP-PC- 
Wollaston prisms for free space variable optical attenuator; 3 dB- 3dB coupler; PD- InGaAs or Si 
photo-diode; BPF- band pass filter. 
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Two different Ti:PPLN waveguide samples were used to investigate pulsed 
OPA: An 88 mm long (first sample) and a 95 mm long (second sample) waveguides. 
To avoid Fabry-Perot effects, which might lead to the onset of parametric oscillation, 
the endfaces of both samples were angle-polished and AR-coated. The 95 mm long 
waveguide sample has a (theoretically) estimated parabolic inhomogeneity with a 
maximum amplitude of ~ 60/m. This inhomogeneity is due to imperfection of the 
sample preparation and/or substrate inhomogeneity. Sinc the waveguide samples had 
different micro-domain periodicities, the quasi-phasematched SHG for a fixed funda-
mental wavelength of lf = 1534.5 nm, were achieved at two different tempratures 
(195 °C for the first sample and 165 °C for the second sample). The SHG 
characteristics of both Ti:PPLN waveguides are shown in Fig. 7.5.  
 
With the homogeneous Ti:PPLN waveguide OPA is demonstrated in the range 
up to 2.5 W of coupled fundamental peak power. Fig. 7.6 shows the measured and 
calculated transmitted fundamental, generated SH and amplified signal pulses for 0.6 
W (Figs. 7.6a & b) and corresponding calculated evolution of the interacting waves 
(Fig. 7.6c). At low coupled fundamental peak power the fundamental pulse is 
continuously depleted leading to a SH pulse with a distinct maximum (Fig. 7.6a). as 
a consequent the measured (calculated) signal pulse (Fig. 7.6b) shows about 4 dB (~ 
10 dB) parametric gain according to the definition: 
 
Fig. 7.5: Measured and calculated SHG response of the waveguides used in the OPA experiment. 
Left: An 88 mm long homogeneous Ti:PPLN waveguide. Right: A 95 mm long inhomogeneous 
Ti:PPLN waveguide with a (theoretically) estimate parabolic inhomogeneity with maximum 
amplitude of Δβmax = 60/m. The 0.14 and 0.22 nm FWHM correspond to 77 and 45 mm long 
effective interaction lengths respectively. 
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Fig. 7.7, as an example of higher power operation, presents the measured and 
calculated results of transmitted pulses for 1.7 W of coupled fundamental peak 
power. At higher fundamental power levels, due to higher signal gain (here up to 10 
dB measured as shown in Fig. 7.7b), the SH pulse is also continuously depleted (Fig. 
7.7a). Measured results agree reasonably well with the theoretically predicted ones. 
The difference is mainly due to the relatively large discrepancy between measured 
and calculated device (SHG) efficiency. 
Fig. 7.6: Measured and calculated results of transmitted fundamental (dashed lines) and SH (solid 
lines) pulses (a) and signal (solid- and dashed lines) pulses (b). The corresponding calculated 
evolution of the (cw) power level of the interacting waves along a 77 mm homogeneous effective 
interaction length is shown in (c) for 0.6 W of coupled fundamental peak power. The coupled cw 
signal power is 1 mW.  
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For the inhomogeneous waveguide two distinct examples with 0.8 W and 6 W of 
coupled fundamental peak power are shown in Fig. 7.8. The central portion of the 
fundamental pulse is depleted due SHG and an amplified signal pulse similar to the 
SH pulse is generated (Fig. 7.8a). This behavior can be observed up to about 4 W of 
fundamental peak power. At higher fundamental power levels an inhomogeneous 
depletion of the fundamental pulse is observed (Fig. 7.8c). The inhomogeneity 
causes a spatial variation of the propagation constants of the interacting waves. This 
leads to a disturbed phase relationship between the four interacting waves. 
Therefore, power level dependent non-monotonic evolutions of the fundamental, SH, 
signal and idler waves along the channel guide results. As a consequence, the shape 
of the transmitted pulses can significantly deviate from the initial Gaussian-like 
pulse of the fundamental at the input. 
Fig. 7.7: Measured and calculated results of transmitted fundamental (dashed lines) and SH (solid 
lines) pulses (a) and signal (solid- and dashed lines) pulses (b). The corresponding calculated 
evolution of the (cw) power level of the interacting waves along a 77 mm homogeneous effective 
interaction length is shown in (c) for 1.7 W of coupled fundamental peak power. The coupled cw 
signal power is 1 mW.  
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In a homogenous waveguide the QMP condition for cSHG/DFG(OPA) is: 
 
Fig. 7.8: Measured and calculated results of transmitted fundamental (dashed-lines) and SH (solid-
lines) pulses (a & c) and signal (solid- and dashed-lines) pulses (b & d). for 0.8 W and 6 W of 
coupled fundamental peak power respectively in a 95 mm long inhomogeneous (Δβmax = 60/m) 
Ti:PPLN waveguide. The corresponding calculated evolution of the (cw) power level of the 
interacting waves are presented in (c). The coupled cw signal power is 1 mW.  
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It can be maintained throughout the whole waveguide by the right choice of the 
fundamental wavelength. The phase relationship between the SH wave and the 
driving nonlinear polarization is: 
 
It adjusts automatically for an optimum energy transfer from the fundamental 
wave to the SH wave for SHG process and from the SH to the signal and the idler 
waves via the DFG process as shown in Figs. 7.6c and 7.7c.  
In a inhomogeneous waveguide, the phase relationship can be disturbed by 
inhomogeneities of the waveguide or even by a small mismatch of the fundamental 
wavelength. This leads to spatially dependent propagation constants: 
iand,s,f,shjwith
n2
j
j,eff
j =
l
p
=b
 
Therefore, the ideal phase relation can no longer be maintained throughout the whole 
waveguide,  
2/)z(f´dz.´)z(´dz.´)z( 0,DFG
z
0
DFGDFG0,SHG
z
0
SHGSHG p¹=jD+bD=jD»jD+bD=jD
òò
 
As a consequence, for an inhomogeneous waveguide (here parabolic chirp of 
ΔβSHG or DFG, max= 60/m as expected from theory) not only a power transfer from the 
fundamental to the SH but also a back conversion from the SH to the fundamental 
can be expected (see Fig. 7.8 e & f). This is due to the perturbed phase relationship 
caused by the inhomogeneity of the waveguide. Therefore, reduced SH, signal and 
idler power levels result. 
In Fig. 7.9 the measured and calculated peak parametric gain is plotted versus the 
coupled fundamental power for both waveguide samples. The peak parametric gain 
is defined as Eqn. 7.1. With about 2.5 W more than 22 dB of undistorted parametric 
gain has been achieved in a homogeneous waveguide. In contrast, to get the same 
gain in the inhomogeneous waveguide much higher fundamental power had to be 
used. To get a parametric gain of 20 dB about 6W of coupled fundamental peak 
power was necessary.  
2
and
2
2 issh0,DFGfsh0,SHG
p
=j-j-j=jD
p
=j-j=jD
         (7.3) 
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Fig. 7.10 presents the measured peak signal gain in the homogeneous waveguide 
as function of the signal wavelength for different fundamental peak power levels. 
The observed bandwidths for about 4 dB, 10 dB and 20 dB peak signal gain are 
shown.  
 
A 3 dB gain bandwidth of more than 40 nm has been achieved which is wider 
than the width of the C-band of 35 nm. Compared to the C-band the amplification 
band is slightly shifted to shorter wavelengths as a result of the chosen fundamental 
wavelength of 1534.5 nm which was not tuneable for the Q-switched laser. By a 
proper choice of the micro-domain periodicity and the corresponding fundamental 
wavelength the gain band can cover any telecommunication window.  
Fig. 7.9: Measured peak signal gain versus coupled fundamental peak power in an 88 mm long 
homogeneous (left) and in a 95 mm long inhomogeneous (right) Ti:PPLN waveguide.  
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7.4 Summary 
Recent activities to realize optical parametric amplification in Ti:PPLN waveguides 
exploiting the χ
(2)
 nonlinearity via cSHG/DFG(OPA) process are presented in this 
chapter. In cw operation due to photorefraction effects only up to 3.2 dB of 
parametric gain could be achieved. To avoid photorefraction at higher power 
operation a Q-switched DPSS-laser emitting short pulses of low duty cycle has been 
used. The effect of the waveguide inhomogeneity on the transmitted pulses is 
discussed and experimentally investigated. With 2.5 W of fundamental peak power 
more than 22 dB of signal gain within a 40 nm wide operation band has been 
observed. This result is in reasonably good agreement with numerical simulations. 
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8. Summary and Conclusions  
The essential contributions of this research are the development of techniques to 
demonstrate efficient all optical wavelength conversion using titanium indiffused 
periodically poled LiNbO3 (Ti:PPLN) waveguides. They have been successfully 
demonstrated in system experiments with high bit rate data channels for optical fiber 
communications [13], [14], [15].  
The devices take advantage of the optical nonlinearity of periodically poled 
lithium niobate (PPLN) waveguides exploiting difference frequency generation 
(DFG). Although relatively good wavelength conversion efficiency was achieved 
with only few mW of coupled pump power for a directly pumped DFG-based 
wavelength conversion, it is difficult to excite a mode-selective pump wave in a 
waveguide which is multimode in pump wavelength. Therefore, the investigation of 
the cascaded processes in which the pump wave can be generated internally by 
second harmonic generation (SHG) or sum frequency generation (SFG) is desirable. 
These processes are called cascaded SHG and DFG (cSHG/DFG) and cascaded SFG 
and DFG (cSFG/DFG), respectively. By this way, the phasematched pump mode can 
be excited selectively. In a 93 mm long straight Ti:PPLN waveguide, the single-pass 
cSHG/DFG conversion efficiency up to -7 dB of has been achieved with 120 mW of 
coupled fundamental power.   
Efficient generation of the pump (SH or SF) in Ti:PPLN channel guides is 
investigated using different approaches. The experimental achievements are 
supported by theoretical modelling [19].  
In waveguide resonators, first a resonance of the fundamental wave alone is 
considered. It is shown that the maximum power enhancement of the fundamental 
wave, and therefore the maximum SHG efficiency, can be achieved with matched 
resonators. It can surpass the efficiency of non-resonant guides as great as an order 
of magnitude, depending mainly on the waveguide losses. Using this scheme SHG 
efficiency of ~ 10300%/W (10.3 %/mW) has been achieved in a 65 mm long 
waveguide resonator. The operation of this approach for cSHG/DFG-based 
wavelength conversion requires narrowband grating mirrors in the waveguide itself 
which are high reflectors for fundamental and highly transparent to the SH, signal 
and idler waves. Thus, the SH-wave resonator was investigated as second approach 
of resonant wavelength conversion. 
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The waveguide cavities for SH-field enhancement enable the resonant 
enhancement of the intracavity SH-power. This was expected to significantly reduce 
the required external fundamental power level. Using this configuration an 
improvement of ~ 10 dB for cSHG/DFG-based wavelength conversion efficiency 
(close to the predicted from the theory) has been achieved. However, operation was 
limited to relatively small pump power levels due to the onset of photorefractive 
instabilities destroying the cavity stabilization. 
In the separated SHG and DFG in a counter-propagation scheme, fundamental 
and signal waves are launched from opposite sides into the waveguide. A dichroic 
mirror on the signal launching side is used to superimpose the input signal and the 
internally generated SH (pump) wave for the DFG process. In contrast to the co-
propagating cSHG/DFG where the pump power is maximized at the end of the 
interaction path, in a counter-propagating scheme (separated SHG and DFG) DFG 
starts with the maximum pump power leading to an improved conversion efficiency. 
A 5 dB improvement of the conversion efficiency compared to the co-propagating 
cSHG/DFG has been achieved.  
cSHG/DFG in the long bent Ti:PPLN waveguide with a length of up to 155 mm 
has been also investigated. A conversion efficiency of -9.6 dB has been achieved 
with only 95 mW of coupled fundamental power. This, however, is in contradiction 
to the – 4.3 dB predicted from theory for 81 mm of effective interaction length. 
Moreover, the inhomogeneity of the waveguide, due to preparation procedure, 
causes the process to be strong temperature dependence. This phenomenon has to be 
investigated in more detail in the future. 
In a double-pass cSHG/DFG-based wavelength converter all interacting waves 
were reflected by a broadband dielectric mirror deposited in the one endface of the 
waveguide. The issue of adjusting the phase difference of the four interacting waves 
after reflection for an optimum energy transfer to the converted signal was solved 
using three different approaches. Using this scheme about 5 resp. 9 dB of 
improvement of the SHG- resp. cSHG/DFG-efficiencies compared to the single-pass 
have been achieved [83]. 
The nonlinear parametric processes in PPLN are inherently polarization 
dependent. Therefore, polarization-independent wavelength conversion requires a 
diversity scheme in which the two polarization components of the input signal are 
converted independently. To provide identical quasi-phasematching (QPM) and 
differential group delay (DGD) for the two components it is ideal to utilize the same 
waveguide twice. This has been accomplished using a polarization maintaining ring 
configuration with contra-directional single-pass conversion of the two polarization 
components in the same waveguide. In this way DGD equalization between the two 
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converted polarization components is automatically provided. With such polarization 
diversity scheme an error-free polarization insensitive conversion of 320 Gb/s 
differential quaternary phase shift keying (DQPSK) data has been achieved (see 
appendix B). 
Theoretical and experimental investigations of the temporal shape and chirp of 
the converted data pulses in a cSHG/DFG-based wavelength conversion show only 
very little broadening and chirping indicating the potential for wavelength 
conversion of even much higher data rates. The pulse broadening of the signal pulses 
induced by group velocity dispersion can already be compensated to a large degree 
in the device itself as a consequence of the spectral inversion of the wavelength 
shifted idler. Therefore, the ultra-fast Ti:PPLN wavelength converters can be de-
signed for bit rates surpassing 3 Tbit/s.  
Also wavelength conversion exploiting cSFG/DFG with a tuneable control wave 
was investigated. This approach results in a tuneable output wavelength of the idler 
whereas the input signal wavelength can be kept fixed. Corresponding devices have 
been developed and investigated in a polarization dependent configuration and with 
a ring type polarization diversity scheme. In a 80 mm long Ti:PPLN channel 
waveguide a wavelength conversion efficiency of about -7.5 dB has been achieved 
using 80 mW of coupled pump and 20 mW of coupled wavelength tuneable control 
power levels. The polarization insensitive conversion with less than ± 0.5 dB of 
residual polarization dependence has been achieved using a ring type diversity 
scheme. The tuning range of the idler covers the whole C-band. This result is in good 
agreement with numerical simulations. However, in contrast to cSHG/DFG-based 
wavelength conversion pulse broadening of the converted signal will limit the data 
rate for tuneable wavelength conversion. 
For sufficiently high pump power levels wavelength conversion by DFG is 
accompanied by significant optical parametric amplification (OPA) of the input 
signal enabling the demonstration of OPA within the C-band in excess of 30 dB. To 
increase the fundamental power handling flexibility and to avoid photorefractive 
effect, a Q-switched diode-pumped-solid-state (DPSS) laser has been used as the 
fundamental source emitting short pulses (2.5 ns) of low duty cycle (~ 8.2 ´ 10
-8
). 
With 2.5 W of fundamental peak power ~ 22 dB of signal gain has been measured. 
This result is in reasonably good agreement with numerical simulations. The 
bandwidth of parametric gain covered a range comparable to the C-band but slightly 
offset due to the quasi-phase matching conditions for the specific wavelength of the 
DPSS laser. Further improvements in the power handling capability of the 
waveguides are required to achieve stable OPA in a cw-mode of operation.  
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Appendix A: Zinc Indiffused Waveguides 
A.1 Zinc Indiffused Waveguides in CLN  
The fabrication of Ti:PPLN waveguide involves two steps in a sequence; formation 
of the channel waveguides followed by the periodically poling of the lithium niobate 
with certain period of grating that depends on the choice of interaction wavelengths. 
Although, devices made by Ti:PPLN demonstrate good electro-optic [84] or non-
linear optic  properties with low propagation losses (< 0.05 dB/cm) and support both 
TE and TM modes, such a waveguides have high photorefractive effect induced by 
the incorporation of Ti
4+
 ions, which limits Ti:PPLN-based devices in high power 
operation [85].  
As explained briefly in chapter 4, the current model for the photorefractive effect 
involves a refractive-index perturbation due to an interaction between the electro-
optic effect and the local electric field created by the charge separation under an 
intense laser illumination. Since the charge generation and trapping centres are 
strongly related to dopant valence state, the experimental observations proved that 
dopants with a single valence state ≤ 2, such as Mg
+2
 and H
+
, will have similar 
effects on reduction of the photorefractive damage [86]. In contrast to that, dopants 
with multivalent states or a valence state ≥ 3, such as Fe
+3
/Fe
+2
 and Ti
+4
, increase the 
photorefractive damage [87]. According to the above arguments Zn
+2
 can also be a 
dopant increasing photoconductivity of the LN substrate. In this appendix, the 
fabrication and optical properties of channel guides made by the diffusion of metallic 
Zn into both congruent and Mg doped LiNbO3 is reported briefly. Waveguides made 
by Zn indiffusion guide both polarizations and have relatively low propagation 
losses of about 0.2 dB/cm. They also exhibit very low photorefractive effect as it is 
reported in more detail in Ref. [89].  
The preparation method of Zn:LiNbO3 waveguide is similar to that of Ti:LiNbO3 
which is mentioned briefly in section 3.2. In order to fabricate Zn:PPLN waveguides, 
two fabrication schemes were investigated. The first scheme involves fabricating the 
Zn:LiNbO3 waveguide before poling the waveguide sample; while the second 
scheme is poling the sample first and then indiffusing the zinc afterwards. The zinc 
indiffused area in the sample poled after diffusion is over poled while the other area 
is completely under poled. It appears that the nucleation of the inverted domains in 
the waveguide region is affected by the presence of Zn ions. This behaviour for the 
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sample poled before Zn diffusion was not observed. Different poling behaviour of 
the waveguide area and substrate can be explained by reduction of the coercive field 
strength due to Zn diffusion [90]. Thus for poling after Zn diffusion, nucleation starts 
from waveguide (Zn indiffused) areas where poling needs less electric field to start. 
Since using this scheme it is difficult to get Zn:PPLN waveguide with uniform 
gratings, reversed scheme (fabrication of Zn waveguide on existing PPLN), is 
preferable. 
Channel waveguides of widths 5, 6, and 7 µm, were thermally indiffused on the -
Z face of the PPLN samples in 900 °C over 2 hours in argon atmosphere. After 
thermal indiffusion, the residual stresses caused by the formation of PPLN gratings 
were not clearly visible under a crossed polariser microscope. It was found that the 
diffusion process had not altered the PPLN structure till 900 °C. The sample diffused 
in slightly higher temperature (930 °C) doesn’t suffer the PPLN domain structure. It 
is interesting that sample which its domain structure was vanished out during 
indiffusion can be repaired by reverse poling of the whole waveguide sample.  
After waveguide fabrication, the waveguide PPLN samples were cut and the end 
faces polished to allow optical characterisation. Fig. A.1 on the left shows the results 
concerning near field pattern and scattering loss measurements. The SHG 
characteristic of a 40 mm long Zn:PPLN waveguide is shown in Fig. A.1 on the 
right.  
 
Although the Zn:PPLN waveguide with uniform PPLN gratings and reasonably 
low losses were fabricated, near field pattern shows the larger mode sizes of this 
kind of the waveguides. Therefore, less SHG efficiency is expected even though the 
domain quality is better than of the Ti:PPLN waveguides. The best SHG efficiency 
Fig. A.1: Characterization of a Zn:PPLN waveguide around 1550 nm wavelength. Left: Transmitted 
intensity of the waveguide versus time when its temperature is changing. Measured near field 
intensity profile of a 7µm wide channel waveguide for TM polarized is shown as inset. Right: SHG 
response of the Zn:PPLN channel guide as function of fundamental wavelength. 
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achieved in Zn:PPLN waveguides was 70 %/W in a 40 mm long sample. The micro 
structure domain periodicity has to be chosen longer in order to operate the device in 
C-band at temperature below 100 °C. In order to improve the confinement 
(reasonable mode size) of the waveguide, and keep the damage resistance ability of 
the Zinc indiffused waveguides, zinc indiffused in Magnazium doped LN wave-
guides is investigated. This kind of waveguide will describe in next section. 
A.2 Zinc Indiffused Waveguides in MgO:CLN  
This kind of thermally indiffused waveguide fabrication is based on the result 
published in Ref [91]. According to this publication the index difference caused by 
Zn indiffusion in MgOLN is larger than of Zn indiffused in CLN. With such a 
difference the mode size of the fabricated waveguide should be smaller than what 
has been shown for Zn:PPLN waveguides. The preparation procedure is similar to 
the Zn:PPLN waveguides; first the MgOLN substrate is poled and then metallic Zn 
film is indiffused in 900 °C over 4 hours. Corresponding characterisation results are 
presented in Fig. A.2. The mode size is reduced as expected and measured loss 
figure is comparable with Zn:PPLN waveguides. The drawback of this kind of the 
waveguide is reduced SHG efficiency to only 20 %/W which is too low to operate 
the device as efficient all optical wavelength converter. The reason of such a huge 
reduction is not clear to the author. 
 
In order to obtain smaller mode sizes, the diffusion conditions can still be 
improved. In this way, better SHG efficiency is feasible. 
Fig. A.2: Characterization of a Zn:MgOPPLN waveguide around 1550 nm wavelength. Left: Low 
finesse loss measurement curve. Measured near field intensity profile of a 7µm wide channel 
waveguide for TM polarized is shown as inset. Right: SHG response of the Zn:MgOPPLN channel 
guide as function of the fundamental wavelength. 
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Appendix B 
Wavelength Conversion of DQPSK Data Signals  
The development of high capacity optical networks has accelerated because of the 
emerging demands for world-wide communications. In order to cope with the 
continuous increased bandwidth requirement, two main methods have been used. 
The first one was to increase the channel bit rate using optical time division 
multiplexing (OTDM) technologies [1], and the second one was to increase the 
number of wavelengths transmitted over a single fiber from one to several tens or 
hundreds by dense wavelength division multiplexing (DWDM) technologies [2]. 
DWDM effectively utilizes fiber bandwidth in the wavelength domain, where 
multiple independent data channels are transmitted at different carrier wavelengths in 
order to increase system capacity. In addition, DWDM offers flexible inter-
connections based on wavelength routing. However, realization of all-optical 
transparent DWDM networks requires functions such as switching, wavelength 
add/drop, wavelength conversion, etc.  
However, with the increase of data rates, more advanced ways to encode data on 
optical wave, i.e., more advanced modulation formats, have been proposed. In recent 
years differential quaternary phase shift keying (DQPSK) has attracted significant 
attention and is now considered as one of the most promising candidates for the next 
generation long-haul transmission systems [92], [93]. DQPSK runs at a reduced 
symbol rate compared with the binary formats at the same bit rate. It has thus a 
narrower spectrum and exhibits enhanced tolerance to chromatic dispersion and 
polarisation mode dispersion (PMD).  
In this appendix, the results of the system experiments of a cSHG/DFG-based 
and tuneable cSFG/DFG-based wavelength conversions which have been performed 
in the labs of Heinrich Hertz Institute (HHI) in Berlin are presented. The packaged 
Ti:PPLN waveguide sample used in the all experiments is prepared and 
characterized in the Applied Physics/ Integrated Optics group of Prof. Sohler in the 
University of Paderborn. The preparation and its performance for different types of 
wavelength conversion are described in previous chapters.  
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B.1 All Optical Wavelength Conversion of 320 Gb/s RZ- 
       DQPSK Signals Using Ti:PPLN Waveguides 
The experimental achievements of polarization insensitive cSHG/DFG-based 
wavelength conversion of a single channel 320 Gb/s RZ-DQPSK are summarized. It 
preserves the phase information and is transparent to the modulation format [94]. 
Since a polarization diversity scheme is applied, it can also be used to convert 
polarization multiplexed signals [95].  
The experimental setup for the polarization insensitive all-optical wavelength 
conversion experiment is shown in Fig. B.1. It included three major parts:  
I. The 320 Gb/s RZ-DQPSK transmitter; 
II. The all optical wavelength converter; 
III. The 320 Gb/s DQPSK receiver.  
The RZ-DQPSK transmitter consisted of a pulse source, a 10 GHz-to-40 GHz 
phase stable pulse multiplier, a DQPSK modulator and a 40 Gbaud to 160 Gbaud 
optical time division multiplexer (MUX´4). The pulse source was a tunable 
semiconductor mode locked laser (TMLL), which produced a 1.4 ps, 10 GHz (STM-
64) optical pulse train at 1551 nm, multiplied to 40 GHz by a passive phase stable 
multiplexer (MUX´4). A two stage modulator was used to encode the DQPSK 
signal. The first stage was a Mach-Zehnder (MZI-mod) LiNbO3 device driven in 
push-pull mode by a 40 Gb/s PRBS signal (2
7
-1) from a pattern generator to encode 
the pi phase shift. The second stage was a LiNbO3 phase modulator to encode the 
additional pi/2 phase shift, driven by the same electrical signal with a sufficient delay 
for de-correlation. The modulated 40 Gbaud (80 Gb/s) RZ-DQPSK signal was then 
multiplexed in time by a passive fiber-delay multiplexer (MUX´4) to generate a 
160 Gbaud (320 Gb/s) RZ-DQPSK signal.  
In the wavelength converter the generated 320 Gb/s RZ-DQPSK signal was 
amplified by an erbium doped fiber amplifier (EDFA), then filtered by a 5 nm wide 
optical band-pass filter (OBF) and finally launched into the polarization insensitive 
PPLN subsystem through a 3 dB coupler (OC). The average signal power was 
15.1 dBm at the input of the polarization insensitive PPLN subsystem. The CW 
fundamental light at 1546.2 nm was amplified by a high-power EDFA, filtered and 
launched into the polarization insensitive PPLN subsystem through the second input 
of the 3 dB coupler. The fundamental power was 24.4 dBm at the input of the 
polarization insensitive PPLN subsystem. The polarization controller in front of the 
EDFA was adjusted for maximum polarization insensitive conversion efficiency. At 
the output of the polarization insensitive PPLN subsystem the signal was launched 
into a filtering subsystem consisting of two 5 nm wide OBFs, an EDFA in between 
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and a tunable fiber Bragg grating (FBG). The FBG was used to block the 
fundamental wave, and the OBFs separated the converted signal at 1541 nm from the 
fundamental and the original signal waves. The polarization of the data signal was 
scrambled in front of the converter, to test the polarization insensitivity. In the 
DQPSK receiver a polarization stabilizer was used to de-scramble the converted data 
signal in order to mitigate the polarization sensitivity of the receiver. 
The 320 Gb/s RZ-DQPSK receiver consisted of an optical pre-amplification 
stage, an electro-absorption modulator (EAM) as  de-multiplexer, a delay line 
interferometer (DLI), a balanced photo-detector (BPD), directly attached to an 
electrical 1:4-demultiplexer and an error analyzer. The EAM de-multiplexer was 
used to select one of the four 80 Gb/s (40 Gbaud) OTDM tributaries. The DLI had a 
free spectral range of 40 GHz and was used to demodulate the I or Q channel from 
the de-multiplexed 80 Gb/s DQPSK signal. Since no DQPSK pre-coder was used in 
the transmitter, the EAM was programmed to the expected bit pattern, which limited 
the word length in our experiments to 2
7
-1. A variable optical attenuation (VOA) 
was used at the receiver input to vary the received optical signal to noise ratio 
(OSNR).  
 
The spectrum at the input and the output of the polarization insensitive PPLN 
subsystem is shown in Fig. B.3, left. The conversion efficiency for the 320 Gb/s RZ-
DQPSK signal with polarization scrambling is –21 dB. It could be improved if the 
total insertion loss of the PPLN-subsystem including the fiber-optic components 
would be reduced. Nevertheless, the internal efficiency of about –11 dB is in good 
agreement with theoretical calculations assuming 17.4 dBm of fundamental power 
Fig. B.1: Experimental setup for polarization insensitive all-optical wavelength conversion of 320 
Gb/s RZ-DQPSK signals: TMLL- tuneable mode-locked laser; MZI- Mach Zender interferometer; 
MUX- multiplexer; EDFA- erbium doped fiber amplifier; OBF- optical band-pass filter; OC- optical 
coupler; FBG- fiber Bragg grating; VOA- variable optical attenuator; EAM- electro-absorption 
modulator; DLI- delay line interferometer; BPD- balanced photo-detector; OSNR- optical signal to 
noise ratio.  
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launched in each direction into the PPLN-waveguide. The spectrum of the 
wavelength converted signal at 1541 nm after filtering is shown in Fig. B.2, right. 
The fundamental light is well suppressed by the FBG notch filter. The power of the 
residual fundamental and the original signal are 28 dB lower than to the wavelength 
converted signal. 
 
To characterize the residual polarization sensitivity of the PPLN subsystem, the 
power of the converted signal was measured versus time (50 s) with slow 
polarization scrambling (using a motorized polarization controller with a scan-rate of 
0.08 Hz). The maximum fluctuation was less than 0.5 dB, as shown in Fig. B.3 on 
the left. The results of the bit-error-rate (BER) measurements are shown in Fig. B.3 
on the right as a function of the OSNR at the 320 Gb/s DQPSK receiver. BER curves 
are plotted for the 320 Gb/s DQPSK signal back-to-back before conversion 
(wavelength 1551 nm), and for the converted 320 Gb/s DQPSK signal with and 
without polarization scrambling (wavelength 1546 nm). Polarization insensitive 
320 Gb/s RZ-DQPSK wavelength conversion is successfully achieved with an error-
free performance (BER 10
-9
).  
Fig. B.2: Left: Spectrum at the input and the output of the AOWC. Right: The output spectrum of 
the wavelength converted signal after filtering. 
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The wavelength conversion causes 2-dB OSNR penalty at the BER of 10
-9
 
compared with the back-to-back case (unconverted signal). The penalty is partly due 
to the different sensitivity of the receiver for the different wavelengths of the 
unconverted and converted signal. However, the results indicate that the additional 
penalty caused by the polarization scrambling is negligible. 
B.2 320 Gb/s In-Line All-Optical Wavelength Conversion in a  
       320-km Transmission Span 
In this section, polarization insensitive in-line all-optical wavelength conversion of a 
320 Gb/s RZ-DQPSK signal in the middle of a 320-km transmission span is 
demonstrated. The experimental setup for the polarization insensitive in-line all-
optical wavelength conversion is the similar to that explained in previous section and 
sketched in Fig. B.2. The 320 Gb/s RZ-DQPSK signal is first transmitted over 160-
km dispersion managed fiber (DMF), then converted to a new wavelength, and 
finally transmitted over another 160-km DMF.  
The 320 Gb/s RZ-DQPSK signal at 1551 nm was first transmitted over a 100% 
dispersion and dispersion-slope compensated 160-km transmission span, consisting 
of two 80-km DMF spans (53 km Super Large Area fiber (SLA) with D = 
20 ps/nm/km and 27 km Inverse Dispersion Fiber (IDF) with D = -40 ps/nm/km, 
provided by OFS Denmark). Then, the data signal was wavelength converted to 
1541 nm and retransmitted over another 100% dispersion and dispersion-slope 
compensated 160-km transmission span. The launched power into each 80-km span 
was 10 dBm and the polarization into the transmission span was chosen arbitrarily. 
Fig. B.3: Left: Power fluctuation of the converted signal with polarization scrambling. Right: BER 
measurements for the 320 Gb/s DQPSK signal back-to-back, and for the converted 320 Gb/s 
DQPSK signal with and without polarization scrambling. 
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The spectrum at the input and the output of the polarization insensitive PPLN 
subsystem is shown in Fig. B.4. The conversion efficiency for the 320 Gb/s RZ-
DQPSK signal with polarization scrambling is –21 dB (defined as the ratio of the 
output power of the wavelength converted signal to the input power of the data 
signal), which includes the 9 dB passive losses of the PPLN subsystem. About 6 dB 
of the passive losses are due to waveguide coupling (~ 5 dB) and transmission (~ 1 
dB); the rest is due to the fiber-optic PBS and the circulator. A further improvement 
of the coupling efficiency seems to be feasible.  
The pulse broadening after the in-line AOWC was also investigated. The back-
to-back pulsewidth was 1.48 ps measured by autocorrelation, as shown in Fig. B.4 
on the right (dash-dotted). The pulse width was slightly broadened to 1.65 ps after 
320-km transmission without AOWC (Fig. 6.8, right (dashed)) mainly due to the 
small amount of polarization mode dispersion (PMD) of the fiber. The mean diffe-
rential group delay (DGD) of the fiber link was 0.7 ps. The pulsewidth after 320-km 
transmission with in-line AOWC was 1.76 ps (Fig. 6.8, right (solid)). The additional 
slight pulse broadening caused by the AOWC is mainly due to the three filters in the 
AOWC; as it is explained in more detail in chapter 5, our calculations and 
experiments show that the broadening of the wavelength converted signal pulses in 
the Ti:PPLN waveguide is negligible.  
 
The results of the bit-error ratio (BER) measurements are shown in Fig. B.5 as a 
function of the received power at the 320 Gb/s DQPSK receiver. BER curves are 
plotted for the unconverted 320 Gb/s RZ-DQPSK signal back-to-back (1551 nm), 
the unconverted 320 Gb/s RZ-DQPSK signal after 320-km transmission (1551 nm), 
and the in-line converted 320 Gb/s RZ-DQPSK signal after 320-km transmission 
(1541 nm) with and without polarization scrambling.  
Fig. B.4: Left: Spectrum at the input (dashed line) and the output (black line) of the polarization 
insensitive PPLN subsystem. Right: Autocorrelation trace of the data pulse back-to-back (dash-
dotted) and after 320-km transmission without in-line AOWC (solid) and with in-line AOWC 
(dashed). 
-4 -2 0 2 4
0
2
4
6
8
320-km 
transmission
w/ AOWC
A
m
p
lit
u
d
e
 (
a
.u
.)
Time (ps)
back-to-back
320-km 
transmission
w/o AOWC
320 Gb/s 
transmission 
w/AOWC 320 Gb/s 
trans ission 
wo/AOWC 
back-to-back 
1530 1540 1550 1560
-60
-40
-20
0
P
o
w
e
r 
d
e
n
s
it
y
 (
d
B
m
/0
.5
n
m
)
Wavelength (nm)
-21 dB 
  105 
 
Polarization insensitive in-line AOWC for the 320 Gb/s RZ-DQPSK signal after 
320-km transmission span was successfully achieved with an error-free performance 
(BER<10
-9
). Compared to the back-to-back case, the transmission of the unconverted 
signal causes about 2 dB power penalty. For the in-line wavelength converted signal 
the power penalty after transmission is further increased by 4.5 dB. These penalties 
partly result from the different sensitivities of the receiver for the different wave-
lengths of the unconverted and converted signal and the slight phase distortion in the 
converted signal. The upcoming error-floor is due to the OSNR limitation from the 
AOWC and the transmission span.  
However, the results indicate that the additional penalty caused by the 
polarization scrambling is almost negligible, which demonstrate the polarization 
insensitivity of the in-line AOWC.  
B.3 Mid-Span Polarization Insensitive Spectral Inversion  
      of 160 Gb/s RZ-DQPSK Signals  
Optical phase conjugation (OPC), which is approximately (mid-span) spectral 
inversion, is a useful technique to compensate the dispersion effect of a transmission 
link [95]. In addition, compared with dispersion compensation fiber (DCF) modules, 
the OPC technique can not only save the extra insertion loss of the DCF modules but 
also cancels out nonlinear impairments resulting from the Kerr effect such as self 
phase modulation (SPM), intra-channel nonlinear effects and nonlinear phase noise 
[96]. In this section, an experimental demonstration of error-free polarization 
insensitive 160 Gb/s return-to-zero (RZ)-DQPSK signal transmission over 110 km 
single-mode fiber (SMF) using optical phase conjugation is reported. The technique 
is based on cSHG/DFG in a Ti:PPLN waveguide. 
The experimental setup for the 160 Gb/s RZ-DQPSK signal transmission over 
110 km SMF using cSHG/DFG-based OPC in a Ti:PPLN waveguide is again similar 
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to Fig. B.2. It included a 160 Gb/s RZ-DQPSK transmitter, two fiber spans 
consisting of 52.8-km SMF and 57.6-km SMF with the OPC in the middle, and a 
160 Gb/s DQPSK receiver. The generated 160 Gb/s RZ-DQPSK signal was filtered 
by a 1-nm optical band-pass filter (OBF) to have a full width at half maximum 
(FWHM) of 2.7 ps and then transmitted over 52.8 km SMF (attenuation 0.2 dB/km, 
dispersion 17 ps/nm/km, PMD < 0.05 ps/km
1/2
). The polarization of the data signal 
was scrambled in front of the OPC, to test the polarization insensitivity. The phase 
conjugated (wavelength converted) signal was transmitted over another SMF of 
57.6 km behind the TiPPLN subsystem. Since the dispersion of the SMF is lower for 
the converted signal compared to the unconverted signal, the length of the second 
span was chosen for minimum accumulated dispersion at the receiver. 
The spectrum at the input and the output of the polarization insensitive PPLN 
subsystem is shown in Fig. B.6, left. The conversion efficiency for the phase 
conjugated (wavelength converted) 160 Gb/s RZ-DQPSK signal is -22 dB (defined 
as the ratio of the output power of the phase conjugated signal to the input power of 
the data signal), which includes the 9-dB passive losses of the polarization 
insensitive PPLN subsystem. The filtered spectrum of the phase conjugated 
(wavelength converted) signal is shown in Fig. B.6 on the right.  
 
The pulse broadening after the optical phase conjugation (OPC) transmission was 
also investigated. The pulse width was broadened from 2.7 ps FWHM (measured by 
autocorrelation, assuming sech
2
 pulses) to 3.5 ps after the 110 km OPC transmission, 
as shown in Fig. B.7 on the left. The broadening is mainly due to third-order 
dispersion which cannot be compensated by the OPC.  
The results of the bit-error ratio (BER) measurements as a function of the OSNR 
at the 160 Gb/s DQPSK receiver are shown in Fig. B.7 on the right. BER curves are 
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plotted for the 160 Gb/s DQPSK back-to-back signal before the OPC transmission, 
and for the 160 Gb/s DQPSK signal after the 110-km OPC transmission with and 
without polarization scrambling. 160 Gb/s RZ-DQPSK phase conjugation 
transmission is successfully achieved with an error-free performance (BER<10
-9
). 
The 160 Gb/s RZ-DQPSK signal after the 110-km OPC transmission without and 
with polarization scrambling shows negligible OSNR penalty at the BER of 10
-9
 
compared with the back-to-back case. The additional penalty caused by the 
polarization scrambling is also negligible, which demonstrates the polarization 
insensitivity of the optical phase conjugator.  
 
B.4 Summary 
The polarization insensitive 320 Gb/s RZ-DQPSK wavelength conversion using a 
Ti:PPLN waveguide in a polarization diversity scheme has been demonstrated. Less 
than 0.5 dB polarization sensitivity was obtained. Error-free operation with 2 dB 
OSNR penalty for the converted signal was achieved using a polarization scrambled 
input data signal. In addition, we investigated the characteristics of the polarization 
insensitive PPLN subsystem. The results show that the conversion efficiency of the 
AOWC is almost constant over the whole C-band and that the AOWC has a large 
input signal power dynamic range of more than 17 dB. The conversion efficiency for 
the 320 Gb/s RZ-DQPSK signal with polarization scrambling is –21 dB, which 
includes the passive losses of the PPLN subsystem. The BER measurements and 
eye-diagrams show that the wavelength converted signals with and without 
polarization scrambling in front of the AOWC have identical performance.  
Fig. B.7: Left: Autocorrelation trace of the data pulses before transmission and after 110-km OPC 
transmission. Right: BER measurements for the160 Gb/s DQPSK back-to-back signal, and for the 
160 Gb/s DQPSK signal after the 110-km OPC transmission with and without polarization 
scrambling. 
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The demonstration of the polarization insensitive in-line AOWC for a 320 Gb/s 
RZ-DQPSK signal in the middle of a 320-km transmission span using a Ti:PPLN 
waveguide in a polarization diversity scheme shows error-free performance for the 
scrambled in-line converted signal after 320-km transmission. The BER 
measurements show identical performance with and without polarization scrambling, 
demonstrating the polarization insensitivity of the in-line AOWC.  
The mid-span spectral inversion of a 160 Gb/s RZ-DQPSK signal over 110 km 
SMF in a polarization insensitive PPLN subsystem was reported. Error-free 
operation with a negligible OSNR penalty for the signal after the 110 km 
transmission line was achieved. The BER measurements show that the signals after 
the optical phase conjugation with and without polarization scrambling have 
identical performance, which demonstrates the polarization insensitivity of the 
optical phase conjugator.  
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Appendix C: PULSPROP Software 
In this appendix a brief discription of the PULSPROB software used to simulate the 
parametric processes in this dissertastion is presented. This software has been 
created during Dr. Werner Grundkötters Ph. D. period. The fast Fourier transform 
(FFT) split step beam propagation method is used, to evaluate the nonlinear 
interaction in the time domain and the dispersion effects are treated in the frequency 
domain [19]. Two models and the corresponding numerical solvers have been 
developed including a graphical user interface (see Fig. C.1).  
 
The evolution of the interacting waves can be calculated for cw-operation at any 
point along the interaction distance. For pulsed mode operation the temporal 
amplitude and envelope phase distribution can be evaluated. The numerical code 
takes the waveguide chromatic dispersion into account. 
Fig. C.1: Graphical user interface for the calculation of three wave and four wave (cascaded) 
nonlinear optical interactions in Ti:PPLN waveguides. 
 appendix C: PULSPROB software 
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In the WAVEGUIDE window all the relevant waveguide parameters like Ti-
stripe width and thickness prior to the diffusion, diffusion conditions and a possible 
chirp (linear or quadratic) of the domain structure are inserted. In the 
PARAMETRIC AMPLIFICATION window the configuration can be set to second 
harmonic generation (SHG), to directly pumped difference frequency generation 
(DFG) resp. optical parametric amplification (OPA) or to the cascaded SHG/DFG 
process. For each of the waves INPUT POWER/PULSE ENERGY, full width at half 
maximum (FWHM), time window (T0) for pulsed operation, waveguide attenuation 
a, wavelength and polarization have to be specified. In a separate window the 
program displays the calculated domain period for perfect phase matching and the 
group velocity dispersion (GVD) between pump- and signal wave for pulsed mode 
operation. 
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